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Abstract
Continual improvements to superconducting devices is a fundamental requirement for
optimised operation. Using a variety of contrastingly shaped, relatively large 2–5 µm
fully (antidot-AD) and partially etched (blind) holes, the Jc of YBCO thin films has been
effectively increased. The enhancement to Jc is present within the relatively narrow band
of wall surfaces of ADs, independent of whether patterns were ADs or the blind AD type.
Independence of AD types indicates that enhancement is insensitive whether magnetic
flux is inside the ADs, or vortices are inside the blind holes. Within this AD wall surface
band region a clear shape dependence also emerges. This finding may also provide a
guide for superconducting devices requiring maximal Jc and reduced associated vortex
movement noise.
Continuing the trend of increasing the Jc of YBCO thin films via vortex pinning, a novel
technique was proposed and implemented. The new flux pinning technique involves ion
beam etching specific locations on the substrate prior to deposition, as opposed to etching
of ADs into the YBCO surface. Jc enhancements of >40% were obtained at zero field
and 85K relative to an unpatterned substrate film. This new substrate nanoengineering
technique is promising for flux trapping of superconducting devices, particularly because
an increase to critical current (Ic ) also occurs. Further optimisation of depth, size, and
shape of the patterns is expected to produce further improvements to Jc .
Design of flux profile and guided motion of magnetic flux quanta (also known as vortices) are central issues for functionality of superconducting devices. Removing vortices
entirely via the so called ratchet effect (employing an asymmetric energy potential) is
another alternative. This ratcheting potential is also used in DNA splitting, particle separation, surface atom electromigration, and electrophoresis. Utilising a superconductor
with the ratchet vortex pinning potential induces a dominant motion direction, which can
be used to pump flux out from device functional zones. A varying thickness superconductor with its tailored intrinsic pinning mechanism has been simulated and proven to
provide this preferential vortex motion. Demonstrated both theoretically and experimentally, a varying thickness superconducting ratchet is indeed possible. Furthermore, the
sawtooth shape of the bridge provides a tunability to the preferred vortex motion direction, dependent on the ramp gradient and intrinsic pinning strength.
The second major area of research conducted in this thesis involves the two dimeniv

sional electron gas (2DEG) at the interface between Lanthanum Aluminate (LaAlO3 LAO) and Strontium Titanate (SrTiO3 - STO). With the physical limits of silicon transistors being approached in modern electronics, the clock speed of computers have remained
the same for many years. To continue improvements, new materials (or interfaces) need
to be discovered and explored. A relatively recent discovery in 2004, the 2DEG between
LAO and STO is a highly conductive interface with many interesting and unique properties which may fulfil the physical limit requirements of silicon. These useful 2DEG features include extremely high electron mobility and density (orders higher than interfaces
between III and V semiconductors), tunability between insulating and metallic states,
ferroelectricity, superconductivity, magnetism, and multiferroic behaviour. However, integration with other functional oxides is a problem and remains key for electronic devices.
Using BiFeO3 (BFO) as a gate dielectric, the 2DEG between LaAlO3 and SrTiO3 has had
the interfacial resistance effectively tuned by an electric field. This field effect transistor
(FET) uses the interface as the drain-source channel and operates between 10 K to 300 K,
with gate voltages ≤ ±1.0 V. Unlike other top gated 2DEGs, the BFO capping does not
create any depletion at the interface, with a highly conductive layer still present down to
10 K.
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triangles 2 blind - T2B), 2µm T (2µm triangles - 2µm T) and 2µm C/S
(2µm circles - 2µm C and 2µm squares - 2µm S). Specific description/image of abbreviations can be found in Figure 3.5 and Table 3.1. . . .
3.8 Etched shape dependence of the ∆Jc between the blind AD and the fully
perforated hole, i.e. ∆Jcdifference (%) = ∆Jcblind (%) - ∆JcAD (%). Abbreviations in legend denote boomerangs - B, triangles - T, circles - C, squares
- S, triangles 2 - T2. Specific description/image of abbreviations can be
found in Figure 3.5 and Table 3.1. . . . . . . . . . . . . . . . . . . . . .
3.9 Comparison of the two measurement techniques, ‘trans’ - transport and
‘mag’ magnetic, for (a) 2µm and (b) 3µm ADs. In both (a) and (b), ∆Jc
= [Jc (patterned film) - Jc (as grown film)] / Jc (as grown film 0T). Abbreviations in legend denote triangles - T, circles - C, squares - S. Specific
description/image of abbreviations can be found in Figure 3.5 and Table 3.1.
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denote triangles - T, circles - C, squares - S. Specific description/image of
abbreviations can be found in Figure 3.5 and Table 3.1. . . . . . . . . . .
3.11 The effect of pinning wall depth on ∆Jc ([Jc (patterned film) - Jc (as grown
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Abbreviations in legend denote boomerangs - B, triangles - T, circles C, squares - S, triangles 2 - T2, boomerangs blind - BB, triangles blind
- TB, squares blind - SB, circles blind - CB, triangles 2 blind - T2B,
2µm triangles 2µm T, 2µm circles - 2µm C and 2µm squares - 2µm S).
Specific description/image of abbreviations can be found in Figure 3.5
and Table 3.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.12 Current rectification in YBCO by applying blind (TB) and fully perforated (T) triangles. (a) the direction dependent Jc of the TB sample with a
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3.13 (a) YBCO thin film half covered in photoresist. (b) Result of angled ion
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3.14 Current rectification ((Ic − Icdown )/Icmax ) at 77K in a YBCO ramp, with
the error bars given by repeat measurements. Solid line is a guide to the
eye. Inset shows Tc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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3.15 Current rectification ((Ic − Icdown )/Icmax ) in a second YBCO ramp, with
the error bars given by repeat measurements. The solid line is a guide to
the eye. Inset shows Tc . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.16 Schematic diagram of (a) Single YBCO bridge with adjacent photoresist.
(b) Creation of YBCO ramp by angled ion beam etching. Optical images describing schematic (c) Bridge is first defined by lithography. (d)
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3.21 (a) Resistance of several sawtooth samples created via the method in Figure 3.18(c). (b) Data from (a) normalised to the resistance at 100K. (c)
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3.22 Current rectification ((Ic − Icdown )/Icmax ) average in sawtooth samples at
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3.25 (a) Experimental sawtooth results compared to the calculations based on
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3.26 (a) Schematic diagram of the simulated sawtooth design showing the increasing short ramp width from 0 µm (single ramp) to 2 µm (0.5 µm
smaller than the width of the long ramp), while the end height was held
up
constant at 0nm. Result of the ratchet effect ((Ic − Icdown )/Icmax ) calculated from both polarity critical currents for (b) 0.1Tc , (c) 0.5Tc , (d) 0.9Tc
and (e) 0.95Tc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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xviii

82

84

87

89

92

94

95

97
98

LIST OF FIGURES
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Chapter 1
Introduction
This chapter is divided into the two main areas of study, being the two dimensional electron gas between LaAlO3 and SrTiO3 and thin film superconductivity focussed mainly
on YBa2 Cu3 O7 . In both cases the subject area is introduced from a fundamental background to build an understanding of the core topics needed for this thesis. The section
is concluded by discussing the work done in the past and where it is lacking/needs to be
improved.

1.1
1.1.0.1

Introduction to Superconductivity

Basic Properties

Heike Kamerlingh Onnes first discovered superconductivity in mercury in 1911 when the
resistivity of the sample abruptly dropped below the measuring limits of his equipment
[1]. Zero resistance being an incredible property was predicted to revolutionise applications in microelectronics, power supply etc. Furthermore, superconductors have the
ability to produce extremely high magnetic fields, much higher than traditional permanent magnets or electromagnets. The ability to produce such high magnetic fields is the
result of induction from extremely high applied currents. The applied currents in these
superconductors have the benefit of no heat generated from power dissipation compared
to their traditional copper counterparts [2].
Superconductors are split into 2 types namely type I and type II. The no loss current
carrying ability is a common property to both types, however, the materials response to
an external field is entirely different as follows;
≻ In type I superconductors external magnetic fields are completely expelled from the
interior via the so called Meissner effect. This field expulsion continues until this
becomes energetically infeasible and the critical field, Hc , is reached. At this point
the material is no longer superconducting, becoming ‘normal’ [1, 3]. The critical
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current (Ic ) in type I superconductors is the supercurrent which induces a magnetic
field equal to that of Hc [4].
≻ Type II superconductors also expel the magnetic field entirely up to a much lower
value called the first critical field, Hc1 = Φ0 ln( λξ )/(4πλ 2 ), where Φ0 = 2.067 ×
10−15 Wb is quantised magnetic flux, λ is penetration depth and ξ is the coherence length. Between Hc1 and until the second critical field, Hc2 = Φ0 /(2πξ 2 ),
there is a region know as the mixed state. In this phase, the magnetic field may
in fact penetrate the superconductor in quantised units of Φ0 . Above Hc2 a type
II superconductor becomes a normal material. The phase diagram for this type of
superconductor can be viewed in Figure 1.1(a,b) [1, 3]. The Ic in type II superconductors is determined by the immobilisation of the penetrated vortices in a pinning
landscape [2].
The characterisation between the two superconductor types is further stigmatised by
the characteristic lengths of the material, being λ and ξ . The penetration depth, described
by the Ginzburg-Landau equations, is defined by the exponential decay of field from the
surface of the superconductor. The coherence length is the distance over which the order
parameter (ψ) changes from a normal material into the superconductor. It is the result
of a reduction in superconducting electron density near the surface. For a Type I superconductor λ << ξ and the surface energy σns > 0, whilst for a Type II superconductor,
λ >> ξ and σns < 0. The exact definition to determine the type of superconductor is
√
λ / ξ > 1 / 2 then it is the second type. Type II superconductors, therefore, allow magnetic field to penetrate much further into the material, both by Type II λ >> Type I λ and
macroscopically via the Bean model [5]. The significantly larger current carrying ability
of Type II superconductors and since Hc2 >> Hc means Type II superconductors are far
superior for devices and applications. Hence will be referred to for the rest of the thesis
[1, 3].
1.1.0.2

Abrikosov Vortex

Predicted by Abrikosov in 1957, magnetic field penetrates the type II superconductor in
the form of a quantised magnetic vortex. A vortex is comprised of a superconducting
screening current surrounding a normal core. The ψ of the core itself is zero and this
gradually increases to that of the superconducting films over a length of ξ . The diameter
of the vortex core can then be approximated as 2ξ . The surrounding current circulates
so that the magnetic field produced aligns with that of the magnetic field, and decays
exponentially [6] to λ . The schematic of the vortex structure is shown in Figure 1.1(c)
with the 2ξ diameter normal core the blue cylinder and corresponding silver circulating
current.
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Figure 1.1: (a) Superconducting phase diagram of the various states a type II superconductor undergoes. (b) External applied magnetic field response. (c) Close up of a vortex
with the normal core and circulating supercurrent. In all cases external field is represented by a green arrow.

Due to vortex-vortex interactions (repulsion), once inside the superconductor vortices
arrange themselves in a triangular lattice [1]. Hc2 is determined by the field in which
the number of vortices becomes so dense the normal cores touch, at which point the
superconductivity is destroyed. Applying a current to a superconductor in the mixed state
induces a Lorentz force, ⃗FL , on the vortex lattice. The force density is given by ⃗FL = J⃗ × ⃗B
[7], where J⃗ is the current density and ⃗B is the magnetic field. The result of the cross
product is that ⃗FL acts at a right angle to the current and magnetic flux. Vortex movement
as a result of ⃗FL dissipates energy causing an electrical field (resistance), as such this
critical ⃗FL (when ⃗FL overcomes the vortex pinning force) determines the Jc [8].
The magnetic vortex is affected by many factors within the superconductor including Lorentz forces, vortex-vortex interactions, viscous drag, pinning forces and thermal
fluctuations [9]. The contributions from these forces causes the vortex to often be in a
non-static state. The field of vortex dynamics being a function of all these interactions is
a non-trivial exercise and the subject of many studies.
The arrangement and interaction of the vortices from Figure 1.1(c) can be viewed in
Figure 1.2. With no external forces on the vortex lattice, arrangement into a triangular
(hexagonal) shape occurs due to vortex-vortex repulsions. For this triangular lattice, the
distance between adjacent vortices, a0 , is given by Equation 1.1 [10].
r
a0△ ≃ 1.075

Φ0
Ba

(1.1)

With regards to the repulsive forces of interacting vortices, the triangular lattice is the
most energetically favourable [11]. The repulsive energy being a minimum as Equa3
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tion 1.1 gives the maximum distance between adjacent vortices.

Figure 1.2: Schematic of a Lorentz force diagram, which the vortex movement perpendicular to that of the current. Also shown is the ideal triangular lattice arrangement due
to vortex-vortex repulsions.

Similar vortex arrangement and interactions occur in a thin film to that of a bulk material, both of which can be viewed in Figure 1.2. However, due to the low dimensionality the structure of the vortex is different. In particular for films with thickness’s (d p )
much less than λ , the screening currents are limited, giving an effective penetration depth
λe f f ≈ 2λ (T )2 /d p [3].
Furthering the vortex magnetic field adjustments is the renormalising of λ in the presence of columnar defects which perforate the entire film [12, 13] (see antidots section
Artificial Defects page 8). The reduction of superconducting volume once again modifies
p
the magnetic properties of the vortex such that λe f f (0T ) ≈ λ (0T )/ 1 − 2Ad /As [14].
Where Ad is the area of the defect and As is the area of the superconductor.
1.1.0.3

Pinning

Penetrated vortices can become trapped in superconducting potential wells in a process
known as pinning. This occurs naturally in the material through defects, where a local
suppression to the superconducting energy has occurred (reduced or no superconductivity). It becomes energetically favourable for the vortex to remain in this location, hence
4
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external activation is required (usually in the form of an applied current or thermal energy) to move the pinned vortex. Types of pinning centres include lattice defects, grain
boundaries, dislocations, atomic defects, secondary phases and crystal structure [2, 15].
The aforementioned pinning centres are naturally occurring defects within the material,
however, it often becomes necessary to add supplementary artificial pinning centres. Additional defects can provide the means to design the superconductors internal flux profile
and guide vortex motion. One such artificial defect type is the controlled removal of the
superconductor in defined locations using laser or electron beam lithography, also known
as the fabrication of antidots (ADs) [16]. Simple energy considerations suggest that the
optimal pinning centre is around 2ξ , because this is about the size of a vortex. However,
Takezawa and Fukushima [17] found that the optimal pinning size is D ≈ λ by solving
the two dimensional Ginzburg Landau equations numerically taking into account both
the vortex core energy and the contribution to the electromagnetic energy. This method
found that the pinning strength increased as the defect increased from 2ξ to λ where it
reached its maximum value. The pinning strength then decreased after this point with increasing defect size. The calculations in [17] were based on a superconductor with a low
κ of 5. However, this was somewhat confirmed by experimental work by Moshchalkov
et al. [18] where superconducting PbGe (κ = 21) and WGe (κ=82) were patterned with
ADs. For both PbGe and WGe, ADs with diameters λ were found to be most effective
at increasing Jc . However, a slightly larger AD performed better at higher fields, with the
ability to accommodate many vortices. In terms of applications it is better for the ADs to
be larger, this allows the production of ADs to move from the expensive, time consuming
and largely inaccessible electron beam lithography to optical lithography.
1.1.1

YBCO

YBa2 Cu3 O7 (YBCO) was discovered in 1987 and is one of the leading materials for practical uses of high critical temperature (Tc ) superconductors having a transition temperature
∼91K > the temperature of liquid nitrogen (77K). Furthermore, YBCO is non-toxic and
has very high current carrying capabilities in large applied magnetic fields. YBCO forms a
tetragonal phase above 650◦ C, but undergoes a second order transition to an orthorhombic
phase when cooled. The crystal structure and superconducting properties are incredibly
sensitive to the oxygen content, the compound itself commonly displayed as YBCO7−x .
When x = 1 the Cu-O chains are full of oxygen vacancies (i.e. Cu layer only) and the material is insulating. The superconducting properties improve as x decreases, and YBCO
displays the best properties when x is about 0.07 and there are almost no oxygen vacancies [19]. Superconducting YBCO has characteristic lengths of typically λ||ab (0K) can be
≈ 110 nm [20], 150 nm [21, 22] up to 200 nm [22] and ξ||ab (0K) ≈ 2nm [23], giving the
ratio of λ /ξ ∼ 75 and making YBCO a highly type II superconductor. The fact that ξ is
so small allows defects such as the boundary between twinned crystal domains, oxygen
5
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vacancies, Y2 O3 precipitates and other crystal defects, which are of the order of a single
unit cell to act as vortex pinning centres. However, this also causes the superconducting
state to be highly dependent on these very small defects, generally brought upon by the
growth procedures. This means a complicated deposition procedure for optimal films.

Figure 1.3: Orthorhombic phase unit cell of YBCO. Red and blue shaded planes are
CuO and CuO2 respectively. Made in VESTA [24].

YBCO exists within the cuprate family of superconductors (CuO2 layers) also being a
ceramic compound. The unit cell of YBCO takes the form as shown in Figure 1.3. In this
orthorhombic phase and when the compound is fully oxidised, the lattice parameters are a
= 3.82Å(100), b = 3.89Å(010) and c = 11.68Å(001) [25]. The CuO planes highlighted in
Figure 1.3 are important for many different reasons. Firstly, the CuO2 planes are common
in all high Tc superconducting cuprates (eg YBCO, La2 CuO4 and Bi2 Sr2 CaCu2 O8+x ),
6

1.1. INTRODUCTION TO SUPERCONDUCTIVITY
these planes are believed to be essential in creating the superconducting state in these type
of materials. Secondly, the other type of copper oxide chains, namely CuO, are believed to
contribute also to the superconductivity by donating charge carriers to the CuO2 planes.
The layered crystal structure of the superconductor cause an anisotropy of the normal
electronic and superconducting properties (λ , ξ ), and superconducting upper critical field,
with the ab plane being superior [26, 27]. Anisotropic growth rates are a secondary effect
of the layered nature of YBCO. The mechanism of anisotropic growth favours films with
c-axis orientated perpendicular to the substrate surface. YBCO thin films with ab-axis
growth is also possible to achieve, however, this tends to result in inferior superconducting
properties. Textured (single crystal) growth of YBCO is preferred as grain boundaries
have a detrimental effect to the Jc [28]. A final area of concern for YBCO is the severe
degradation of both Tc and critical current density (Jc ) when subject to moisture, even
from ambient air. Due to this YBCO is stored in nitrogen rich environments. The main
area of interest for YBCO being in thin film devices and tapes.
For deposition of the highest quality of YBCO thin films, the choice of substrate is
extremely important. There must be no chemical reactions between the materials. As
stated previously, YBCO being conducive to superconductivity is highly dependent on
obtaining the correct chemical structure. A high stoichiometric match (between the lattice
parameters) ensures the best epitaxial growth. Large differences in the substrate/YBCO
lattice parameters introduces strain on the YBCO crystal structure, which are released
in the form of edge dislocations [12, 13]. Furthermore, the rate of thermal expansion
needs to be approximately the same to ensure no loss of adhesion or cracking of the
deposited film during heating or cooling procedures. Vastly different results may be obtained with even the same substrate as sample quality is dependent on substrate surface
roughness, cleanliness, and misorientation angle between grains. For YBCO, the substrates used for best superconducting parameters include SrTiO3 (a=b=c=3.905Å) [29],
LaAlO3 (a=b=c=3.971Å) [30] and MgO (a=b=c=4.2Å) [31]).
1.1.2

Defects

The Jc of type II superconductors is entirely dependent on the strength of vortex pinning
centres. The pinning of vortices occurs at any point which presents a reduction of superconductivity (defects). These defects may occur naturally (grown) or may be introduced
(artificial), and are an active area of superconducting research today.
1.1.2.1

Growth Defects

In superconducting thin films, a major source of naturally occurring defects are the result of the deposition conditions, e.g. substrate, deposition technique (pulsed laser deposition, sputtering, atomic layer deposition etc) and parameters (temperature, pressure,
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position relative to plume etc). Such defects present in YBCO include dislocations [12,
13, 32], grain boundaries [33], twin boundaries [34], anti-phase boundaries [35], oxygen
vacancies [36] and nanoparticles [37], all of which are represented in Figure 1.4. The
strongest possible pinning is found with defect types which extend the whole film as the
entire vortex is accommodated if the magnetic field is aligned with the defect. These
are the one dimensional, or linear, defects such as the edge dislocation or screw defects.
Edge dislocations are formed during pseudomorphic growth, reaching a density of 1015
defects/m2 , making them the highest density defect in the crystal [12]. They are caused
by misaligned growth islands [38] or a mismatch between the substrate and films lattice
constant [12] and produce a low angle tilt boundary [13] which continues to the surface of the film. Screw dislocations, which are formed by twist boundaries [12], cause a
similar linear defect column, and, therefore, are expected to be almost equal in pinning
strength [32]. However, the density of screw dislocations are orders of magnitude lower
than edge dislocations [12]. Other defects of the two dimensional form (low-angle grain
boundaries, twin boundaries, anti-phase boundaries) or zero dimensional/point (oxygen
vacations, nanoparticles) can also contribute to the overall pinning of the vortex lattice,
albeit weaker. This is due to a partial accommodation of the vortex lattice.
Due to the nature of pinning, introducing these crystallographic defects reduces on
average (ψ). This causes a reduction of the materials ability to form Cooper pairs. Hence
an optimisation process is needed to ensure the material is highly defective for maximal
pinning, yet still maintains high superconducting qualities (e.g. Tc ).
1.1.2.2

Artificial Defects

For optimal operation of superconducting devices [from nano scale Superconducting
QUantum Interference Devices (SQUIDs) up to large scale power transportation], superconductors often require further improvements to the flux pinning capabilities. Artificial
defects may be used as an additional feature to both increase the critical current or to
reduce associated flux noise. Similarly to the growth defects, artificial defects reduce
the superconducting potential, generally in controlled areas, to pin vortices. Types of
defects include heavy ion irradiation [39, 40], nanorods [41], magnetic dots [42], and antidots (AD). An AD is the controlled removal of the superconductor in specific locations
throughout the film. This involves the use of a mask and an etching technique such as
chemical or ion beam. The great advantage of ADs is the ability to define all the characteristic qualities associated, such as shape, size, depth, period between ADs, and position
respect to superconducting features [43]. Each of these parameters vastly changes the
interaction of the vortex (or vortices) with the AD.
The AD represents an important artificial defect due to the optimal size [17, 18] being
much larger (>> ξ ) than in other defect types and hence being much more appealing
commercially. ADs have been extensively studied in the fields of vortex matching effects,
8
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Figure 1.4: Common crystallographic defects including (a) dislocation, (b) grain boundary, (c) twin boundary, (d) antiphase boundary, (e) vacancy, (f) nanoparticle substitution.
In all cases (a)-(f) red indicates area of vortex accommodation.

Figure 1.5: Common artificial defects including (a) ion implantation, (b) nanorods, (c)
magnetic dots, (d) antidots.

giant vortex state (multiquanta) within the AD [44], guided vortex motion/ratcheting effects, imaging vortex movement/interactions, and flux pinning in superconducting devices
9
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[45]. The first important point to discuss in regards to ADs is the interaction which occurs
between a vortex and an AD. Initial magnetisation of a superconducting sample which
has been perforated with ADs induces an attractive force (more energetically favourable)
of the vortex towards the AD edge, where the lowest superconducting potential occurs
[46]. If the hole is fully etched through the superconductor a vortex cannot physically
exist within, however, field can penetrate the AD as flux. The free energy of a vortex at
distance r from an AD with radius r0 is given by Equation 1.2 [45, 47, 48].
  


r 
r
r02
Φ20
ξ
0
2
K0
+ nocc K0
+ 2nocc K0
+ ln 1 − 2
F(r) =
4π µ0 λ 2
λ
λ
λ
r

(1.2)

where K0 is the modified Bessel function of the second kind, µ0 is the permeability
constant and nocc is the vortex occupation number which is the number of vortices trapped
by the AD.
In the small AD case ξ < r, r0 << λ the pinning force per unit length can be obtained
from f (r) = -∂ F/∂ r. The value for f (r) is dependent on the radial distance between the
AD and the vortex, with the maximum value f p,max (Equation 1.3) obtained close to the
edge of the AD.
Φ20



nocc
1−
f p,max ≈ √
ns
4 2π µ0 λ 2 ξ

(1.3)

where ns ≈ r0 /2ξ (T ) is the saturation number, valid for small ADs.
Besides the radial distance from the AD, the second important factor in determining the
f p is the occupation number, nocc . After the initial attraction of the vortex to the AD, a
competition occurs between the pinned vortex-vortex repulsion and the vortex-AD attraction. This competition occurs up to the point where AD is saturated with vortices nocc =ns ,
in which case f p from the AD is zero, and an entirely repulsive vortex-vortex interaction occurs. This provides an additional important pinning type being interstitially pinned
vortices between AD locations. A comparison of AD pinning situations induced from
differing AD occupation levels is shown in Figure 1.6. A shallow local minima between
the ADs when nocc =ns is observed in Figure 1.6(b), showing the interstitial sites discussed
above. Compared to no vortex occupation where a deep minimum occurs adjacent to the
AD, and a local maximum occurs between ADs. As seen in Figure 1.6(b) this minimum
between the saturated vortices is much shallower compared to the deep well of the AD.
Due to this, interstitially pinned vortices tend to be much more mobile, hence, require less
external force to be de-pinned.
Extending the free energy calculations of the small ADs to that of arbitrarily large
cavities [50] shows that this interaction energy becomes that of a vortex and a BeanLivingston barrier [51]. This means that the interaction is the same as a vortex with the
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Figure 1.6: Free energy interaction between a vortex and an AD pinning site either (a)
prior to vortex entry (nocc = 0), or (b) saturated with vortices (nocc = r0 /2ξ (T )). Taken
from [49].

edge of the superconductor when the AD becomes sufficiently large.
1.1.2.3

Studies of Optimising ADs

In previous studies generally circular ADs have been used due to a matching of the shape
of the vortex ([52–54]). Other shapes which have been used include work done by Gheorghe [55] who compared square and rectangular ADs to partially penetrated (blind) holes.
The square ADs were 0.8µm, and the rectangles were 0.46µm×0.97µm. This study
showed that ADs were more effective than blind holes, whilst a rectangle array of square
dots was similar to a square array of rectangle dots, in terms of causing an anisotropic
effect to the current. This was further proven by Van Look [56] again using rectangular
ADs of size 1.1×0.6µm2 with a pronounced anisotropy in the current. The long edge of
the rectangle providing a larger area for possible pinning locations than the short edge.
Ooi [57] determined the matching effect dependence based on the size of the AD. Four
Bi2 Sr2 CaCu2 O8 samples etched with circular ADs of different diameters (120nm, 250nm,
330nm, and 430nm) were used. The larger the AD, the more potential vortices may fit on
the circumference. Due to this the matching effect systematically changed with diameter.
More specifically, a large drop in the temperature of irreversibility line occurs at higher
fields for larger diameter ADs. This indicates the larger ADs are providing interstitial pinning (vortex-vortex pinning). Another form of AD is periodic grooves, rectangles which
may traverse the entire length of the bridge/sample. In work by Yamada et al. [52] and
Harada et al. [58] grooves were compared to ADs to compare effectiveness. In Yamada’s
work the grooves width was 1.7µm and had a depth of 0.6µm, and the AD diameter was
2.2µm and depth of 0.9µm, both patterns having a period of 4µm. The grooves actually provided a greater improvement to Jc compared to the AD laden films, due to the
11
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increased amount of pinning centres present. Similarly work was done by Harada [58]
who used periodic grooves and square ADs in Nb films. The films were 220nm thick
with the groove width being 800nm and a depth of 120nm, whilst the square holes had
sides of 800nm and were 120nm deep. The partially etched grooves again provided better
enhancement to Jc than the fully etched squares, proving that a clear size dependence is
present which determines whether fully or partially etched holes are more effective.
More than just the shape/size of the AD, the way in which they are arranged in the
superconductor (AD array) is also extremely important. Bruynseraede et al. [59], for example, have used circular ADs in WGe and PbGe films using different lattice structures
of square, triangular and rectangular lattices. The size of the square and rectangular array
ADs were 0.17µm, while the triangular lattice had 0.22µm ADs. The distance between
the ADs was kept constant at 1µm. Since the vortices naturally arrange themselves in a
triangular array this shape provided the best enhancement to Jc , followed by squares then
rectangles. More complicated array shapes were simulated by Misko et al. [60], namely
a Penrose array. This was simulated in an attempt to increase the matching between the
pinning centres and vortices. The results were positive in that the Penrose array enhanced
Jc in terms of more and broader matching peaks. This has since been confirmed experimentally by Kemmler et al. [61]. Further array types tried has been in random removal of
ADs in an attempt to increase matching fields again. This work has again been done by
Kemmler et al. [62], however, in most cases this did not provide better results to the plain
films.
Vortex pinning in superconductors is far from being optimised. The potential improvements to the current carrying abilities of superconductors is revealed by realising the Jc
values obtained from current superconductors are around 10% to 20% of that of the de√
√
pairing current density JD = (2 2Bc /3 3µ0 λ (T )) [3] where Bc is the critical magnetic
field. The JD being the current at which the Cooper pairs detach due to the carriers kinetic energy in Ginzburg-Landau theory. At this point superconductivity is completely
destroyed [63]. By using the optimal core pinning force, the maximum theoretical limit
of Jc may be calculated. Using this method, the maximum value of Jc for low temperature superconductors is approximately 30% of JD [64, 65]. Hence, optimising ADs will
increase the Jc towards the theoretical limits.
Large ADs were recently shown to be effective in guided flux motion in the form of the
superconducting ratchet effect [66, 67]. This work has shown that even small adjustments
to the array dramatically changes the effect of the ratchet. This can therefore be optimised
by changing the shape of the AD and array. However, the disadvantage of this work is
the overall effectiveness of the ratchet. In the work that has been done the difference in
Jc between the current directions has a maximum only at about 10%, and extends to only
0.1T. This is due to the limited amount of flux trapping regions with differing potentials
(triangles). Improvements here need to be made to cause the pinning potential to change
12
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throughout the bridge.
1.1.2.4

Ratchet Effect

The ratchet effect in superconductors is an asymmetric response to a current, where the
vortices are pinned stronger in one direction than the other. This is created from an asymmetric pinning or superconducting potential. The ratchet effect has been proposed for
superconducting diodes and transistors, however, there are many other potential applications. This includes vortex removal to reduce noise in superconducting quantum interference devices (SQUIDs), separating particles, designing molecular motors, smoothing
surfaces, and rectifying voltage in Josephson junctions [68, 69]. The basic premise to the
ratchet effect in superconductors may be observed in Figure 1.7. In this case triangular
ADs are shown on a thin film with the base of the triangle providing a higher pinning
potential than the apex. The dependence on vortex pinning in the triangle stems from
direction of flux motion induced by FL . The base of the triangle represents a hard edge
to vortex motion, as such a larger potential barrier needs to be overcome. On the other
hand, the apex of the triangle provides two angled edges which produces a lower potential for vortex movement. On a macro scale this effect may be compared to a wind tunnel
slipstream.

Figure 1.7: Vortices penetrating a superconducting film are represented by the red arrows. Upon application of a current, the vortices experience left or right motion via the
Lorentz force. Due to the asymmetrical defects created in the film (triangular ADs) a
ratchet effect (polarity dependent critical current) is induced.

Noise in superconducting devices (both low and high Tc ) is dependent on the movement
of the magnetic vortices. ADs have been implored previously in superconducting quantum interference devices (SQUIDs) to improve the noise characteristics by enhancing the
flux pinning. However, the most optimal strategy in this case would be to remove the flux
entirely, a fact which can be realised by utilisation of the ratchet effect [68, 69]. Currently
there are many different ratchet creating methods in use including;
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≻ Thickness dependent ratchets as the strength of vortex pinning is dependent on the
length of the defect [70]. Following the arguments of the columnar defects section
in [70], one arrives at Equation 1.8, the column length dependent vortex pinning
potential. In YBCO thin films grown by pulsed laser deposition (PLD), edge dislocations or twin boundaries defects normally traverse the entire film thickness [13,
34, 71]. The pinning potential in this system being linearly dependent on the length
of the column defects is directly proportional to the thickness of the film. Using this
knowledge, a superconductor which varies in thickness in the form of a ramp should
produce asymmetrical vortex motion. This system has been simulated by molecular
dynamics in the form of a sawtooth shape [68, 69] in niobium (Nb) without considering its naturally grown pinning. In this case a successful ratchet was found, and
by arrangement of multiple sawteeth it was shown that vortices may be driven away
from a device during operation. This has been attempted experimentally in Nb once
more by ref [72]. This sawtooth was created by angled rf-sputter deposition through
a double polymethylmethacrylate mask. Although barely any difference in critical
current directions was observed in this work, which was believed to be from the two
sides of the sawtooth essentially cancelling each other. A simpler way of utilising
the pinning thickness is by the ‘edge barrier effect’ as described in [73]. Varying
thickness strips in MoGe films causes the vortices to interact with the edges in the
form of a Bean-Livingston surface barrier [51] producing a ratchet effect.
≻ A basic, but effective, method to create current rectification is by imploring non
symmetric ADs as in Figure 1.7. The use of 1µm triangular ADs and blind triangles in YBCO by Palau [74] show this shape also creates a superconducting ratchet.
In this case the base of the triangle provides stronger pinning. In comparison to similar diamond shapes, no ratcheting was found. In a further study of triangular blind
holes in YBCO [67] it was found that even small adjustments to the array dramatically changes the effect of the ratchet. Geometry of both the defect shape and the
lattice controls the overall preferential direction of vortex motion. Simulating these
types of ADs leads to a similar ratcheting effect in films [75]. A final current rectification technique using ADs is to instead create an asymmetric AD lattice, rather
than the shape itself. Spatially varying AD density in Nb creates reversible vortex
motion similar to that described above [76, 77].
≻ Complementary to the points above, the ADs may instead be replaced with a magnetic material acting as the defect. The magnetic dot suppresses the superconductivity beneath it, so that in direct comparison triangles [42] and graded [78] magnetic
dots can be used to also rectify critical current.
All above-mentioned ratcheting techniques rely on the pinning of the vortices in one
direction stronger than the other, and can, therefore, be likened to the schematic in Fig14
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ure 1.7. In many of these cases, however, the device is dependent on the density of the
defects present. The defect itself pinning the vortices strongly, and the vortices between
defects controlled by interstitial pinning. This means the ratchet operates only within a
specific field range, and will have a limited effectiveness.
1.1.3

Pinning Model in YBCO Thin Films

In YBCO thin films the pinning model utilised is based on vortex pinning within domain
walls [12, 13]. Dislocations created from growth are the domain walls, which are assumed
to be the only existing defects. At low fields only a few vortices will exist within the film,
all of which will be pinned. As field increases the amount of vortices becomes greater
than pinning sites and will begin to exist away from the walls, and hence be unpinned.
Therefore, the relationship between the vortices to the Lorentz force can be described as
n
n
FL = Jc Φ0 = nvp f p,max . Where FL is the Lorentz force, Φ0 is flux quantum, nvp is pinned/total
vortices and f p,max is the maximum pinning force. The ratio of the pinned to total vortices,
also known as an accommodation function, is given by Equation 1.4.
np
= 1−
nv

2δ
2δ
Γ(ν, 2δ
µ ) − µ × Γ(ν − 1, µ )

Γ(ν)

!2
(1.4)

where Γ(ν) is the Gamma function, ν is a shape parameter of the distribution, δ is
defined by a competition between the flux line lattice’s and the vortex energy displacement (critical value of vortex displacement) and µ = ⟨L⟩/ν (⟨L⟩ is the average domain
boundary length). Equation 1.4 represents the probability for the vortex to be pinned onto
a domain boundary. Calculation for δ being as follows;
r0
δ= ×
ξ

r

Φ0
Ba

(1.5)

where r0 is the dislocation core radius taken to be 1nm and ξ is the temperature dep
pendent coherence length ξ = ξ0 / 1 − (T /Tc )4 , ξ0 = 2nm [23]. Since δ is dependent on
applied magnetic field, a probability coefficient is introduced. This geometric coefficient,
Ksh , takes into account vortices which are located within the zone of boundary walls, and
pinned by single dislocations. The pinning by the dislocations is calculated by taking into
account equidistant spacing, d, between them. If 2δ
d < 1 (where d is the distance between
dislocations) then every dislocation core has the ability to pin a single vortex. This means
that the ratio of pinning zone squares πδ 2 to all boundary zones 2δ d gives the probability
to pin a vortex. However, when 2δ
d > 1 all of the domain walls can be considered pinning
centres, as the pinning zones are overlapping. The geometrical coefficient Ksh is given by
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Equation 1.6.
Ksh =



 πδ
2d
R d2 [1−( δx )m ] 1n
d
0
2




dx

2δ
d

≤1

2δ
d

>1

(1.6)

where values for m and n represent power coefficients from equating the pinning pon
tential shape to that of a superellipse (x/δ )m +(y/δ )n =1 to give 1.8 [79]. Since nvp Ksh is the
probability for a single vortex to be pinned, the pinning potential for any arbitrary vortex
is then shown in Equation 1.7.
U = U0

np
Ksh
nv

(1.7)

where U0 is the pinning potential for one pinning vortex.
U0 is highly dependent on the material and external conditions. A physical representation of this type of pinning potential can be seen in Figure 1.8. For YBCO the pinning is
assumed to be due to columnar defects, in this case;
#
"
Φ20 d p
1 r0 2
U0 =
(1.8)
ln 1 + ( )
8π µ0 λ 2
2 ξ
p
where d p is the depth of the pinning well, and λ = λ0 / 1 − (T /Tc )4 [80] with λ0 =
150nm.
For YBCO thin films, these defects are columnar and generally extend through the
entire film. Hence d p can also be assumed to be the sample thickness.

Figure 1.8: Pinning potential along a domain boundary. The potential well represents
an area in which energy is required to remove a trapped vortex. Taken from [81].
−

U

In the Kim-Anderson model, the speed of the vortex creep is given by V = a0 ν0 e kB T
sinh( kUBLT ), with a0 being vortex lattice spacing, UL defined as the Lorentz force potential and ν0 being the vortex vibration frequency. Rearranging the speed of vortex creep
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V
gives the Lorentz force potential as UL =kB T asinh( a ν exp[−U/(k
). Finally, taking into
B T )]
0 0
account J = αUL , ⃗E = ⃗V x⃗B and Equations 1.4-1.8, Jc is given by Equation 1.9. [23, 81,
82]
!
U
E
cr
e kb T
Jc (Ba , T, d p ) = αkB T sinh−1
(1.9)
a0 v0 Ba

where α is a free parameter, dependent on the deposition conditions and Ecr is the
critical electric field criterion.
Equation 1.9 accurately represents the Jc of a YBCO film dependent on the external
conditions of applied magnetic field, temperature and sample thickness. However, Equation 1.9 assumes perfect growth of the superconductor. In reality, Jc (d p ) increases to a
maximum of ∼200nm until film quality degrades due to microstructural deterioration,
surface roughness, porosity or ab-phase growth [83].
1.1.4

Summary of the superconducting thin film motives

The initial intended focus for the studied superconducting materials is to increase Jc of
YBCO thin films, which will improve superconducting devices. In terms of additional
pinning structures, this thesis will contribute to the global knowledge of vortex-defect
interactions in superconductors. A focus will be on optimising the physical parameters of
artificial defects to improve the vortex pinning properties of superconductors.
Defects in YBCO may also lead to other scientifically appealing effects, aside from
enhancement to Jc . One such effect is the penetrated flux movement control, specifically
in direction dependent vortex motion. As Jc is tied to the flux movement, a superconductor
with an asymmetrical pinning potential leads to rectification of critical current, or the
ratchet effect. While the ratchet effect has been employed by the use of asymmetrical
defects, e.g. triangle holes, this worked only in a short applied magnetic field window, and
only small differences between current directions occurred. Alternatively, simulations of
a sawtooth structure relying on the thickness dependence of vortex pinning strength shows
a potentially excellent ratchet in both current difference and field operation. However, this
has not been experimentally verified in YBCO. Improvements to superconducting ratchets
are important for flux removal in devices, leading to heavily upgraded devices.
Flux removal, or enhanced vortex pinning, improves the performance of superconducting devices by reducing the associated noise of vortex movement. Employing large defects in YBCO devices will be explored to ascertain their role in reducing flux noise.
A final point to note is that the extremely high density of growth defects already present
within YBCO thin films means artificial defect improvements are more difficult to achieve
relative to many other superconducting films such as Nb, Pb, MoGe etc. Due to this, many
of the artificial defect studies found in superconducting films either have not been done
or have degraded the film and, therefore, have stayed unpublished. This has lead to an
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abundance of untapped potential in YBCO thin films in the fields of Jc enhancement, flux
trapping, current rectification and vortex noise reduction.
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1.2
1.2.1

Introduction to the two dimensional electron gas

Fundamentals of material properties

The differences between metals, semiconductors and insulators can be fundamentally resolved by the band theory of solids. In this model, electrons fill discrete energy levels defined by the atomic orbitals. As electrons cannot exist in an identical quantum state (Pauli
exclusion principle), these energy levels must be distinct for all electrons [84]. Due to the
large number of electrons (Avogadros number) existing within the material, the difference
in energy levels is so small that they appear to exist within a band [85]. The simplest form
of band theory can be viewed in Figure 1.9 where materials can be divided electronically
into two bands, the conduction band Ec and the valence band Ev . Ec represents the region
of available energy states, where electrons are able to move freely. Ev is filled with valence electrons, the top of this band indicates the highest electron energy level at 0K. The
Fermi level, EF (also known as chemical potential), is the highest energy level which is
occupied by electrons. EF is located approximately halfway between Ev and Ec . Above
the conduction band lies the vacuum level Evac (not displayed in Figure 1.9). Evac is the
energy of a free electron outside of the material [84, 86].

Figure 1.9: Electronic structure of the energy bands present in metals, semiconductors
and insulators. Ec indicates the conduction band, Ev the valence band, Eg the band gap
and EF the Fermi level.

In a metal Ec and Ev are overlapping such that one or more bands are between 10% to
90% filled, which provides a large number of free electrons [84]. Metals, therefore, have
a high conductivity. In semiconductors and insulators there exists a region (forbidden
band) between Ec and Ev where electron states do not occur. The size of the forbidden
band (bottom of Ec minus top of Ev ) defines the band gap Eg . At room temperature,
semiconductors contain an almost full Ev , almost empty Ec and small Eg , which allows
for a small amount of conducting electrons. Semiconductors, therefore, have a moderate
conductivity. Insulators contain a full Ev , an empty Ec and a large Eg , a lot of energy is required for electrons to jump from Ev to Ec . Therefore, insulators have a low conductivity.
[84, 86]

19

1.2. INTRODUCTION TO THE TWO DIMENSIONAL ELECTRON GAS
1.2.2

Formation and characteristics of a two dimensional electron gas

A two dimensional electron gas (2DEG) is an atomically thin region demonstrating metallic conduction. Creating functional 2DEGs has become a recent prospect for nano and
atomic devices owing to their unique properties. The active surface of the 2DEG (the
interface region) being significantly larger than bulk, 3D material counterparts, a result of
the increased chemical and physical reactivity [87].
Discovery of a 2DEG at the interface between LaAlO3 (LAO) and SrTiO3 (STO) in
2004 was an exciting prospect as both materials are insulating perovskite oxides [88]. The
studies originated from previous structures, such as GaAs grown on (001) orientated Ge,
where a similar 2DEG occurs. The LAO/STO 2DEG develops by deposition of LAO on
top of STO with the surface layer of STO terminated with TiO represented in Figure 1.10.
The conduction, which is confined between the two oxides, is dominated by a high carrier
density and mobility electron gas.

Figure 1.10: Physical structure of the conductive interface between an STO substrate
and deposited LAO thin film.

1.2.3

Bulk properties of strontium titanate

In terms of perovskite oxides, STO is an important material. With a room temperature
lattice parameter of 3.905Å, STO is an excellent candidate to be a substrate for the epitaxial growth of high temperature superconductors and other thin films [29]. Generally
an insulator, with a band gap of Eg = 3.2eV at 0K, STO may be doped with Nb ([89]),
or have some of the oxygen removed ([90]) to become a good (even super) conductor of
electricity. Oxygen deficient STO may be created by heating in a low oxygen environment
(Typically >800◦ C and <10−5 Torr) [91], or by bombardment of Ar ions [90].
At room temperature, STO exhibits a cubic structure shown in Figure 1.11. Upon cooling three phase transitions may occur within the STO structure. The first occurs between
110K-65K, where STO distorts into a tetrahedral structure. Further reduction of temperature induces an orthorhombic structure between 55K-35K, before finally exhibiting a
rhombohedral structure below 10K. [91]
STO is a highly dielectric material, with a dielectric constant of 300 at room temperature, which may be increased by reducing the temperature. Below 4K the dielectric
constant is about 20000 [92]. The relative permittivity of STO induces a stronger electric
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Figure 1.11: An example of a unit cubic cell. For STO or LAO the dark blue is Sr or La,
the light blue is Ti or Al and the red O.

field polarisation compared to other gate oxides such as Si (∼11.7) [93], SiO2 (∼3.9) and
HfO2 (∼35) [94].
In general STO displays diamagnetism in its bulk, insulating state. Early studies indicated the diamagnetic nature of STO was a result of the diamagnetic susceptibilities of its
constituent ions and simply adding the magnetic component of each ion (Sr2+ , Ti4+ and
O2− ) would give the resultant diamagnetism. Furthermore it was found that reduction of
the oxygen component (by high temperature low O2 annealing) would not only induce
charge conduction but also Pauli paramagnetism (electron susceptibility independent of
temperature) [95].
The usefulness and interest in STO stems from its high capacitance, good electrical
insulation, optical transparency, and chemical stability. STO is currently being used in
tunable microwave electronic devices such as; phase shifters, filters, delay lines and tunable oscillators, due to its adjustable dielectric permittivity and low microwave losses
[91].
1.2.4

Bulk properties of lanthanum aluminate

LaAlO3 (LAO) has a room temperature lattice parameter of 3.791Å [30], only about a
2.92% mismatch with STO. This means that LAO is both an ideal candidate as a substitute
for STO or for high quality epitaxial growth on top of STO. Similar to STO, LAO is a wide
band gap insulator of approximately 5.6eV [96], although this has been shown to be as
high as 6.5eV in thin films [97, 98]. Further similarities to STO exist in the exhibition of
diamagnetism also displayed by LAO [99].
LAO also exists within the perovskite group of materials with a room temperature
rhombohedral structure very similar to that of STO with only a very small distortion
of ∼90.066◦ . Comparing to Figure 1.11, La replaces Sr and Al replaces Ti to give the
structure of LAO. Above 708K LAO distorts to that of a simple cubic [100].
In the bulk sense, LAO use is in creating a 2DEG or being used as a substrate. However,
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in thin films LAO can be used for high dielectric constant gate electronics. With a high
dielectric constant of ∼25 between 4K - 300K and highly resistive insulating properties
of the LAO, there remains significant potential in electronic applications. It is believed
that LAO may have the potential to replace silicon dioxide as a gate dielectric to allow
further miniaturisation of electronics [97].
LAO/STO Interface
Deposition of LAO on to the surface of STO results in a perovskite heterostructure.
Ohtomo and Hwang [88] discovered the 2DEG at the interface between the LAO/STO
heterostructure. A very surprising result as both of these materials are band insulators.
This 2DEG was found to have extremely high carrier mobility (above 104 cm2 V−1 s−1 )
and density (∼5×1013 cm−2 ), indicative of its conducting nature. However, this was extremely dependent on the oxide heterostructure, in particular the termination of the STO
substrate. A basic version of the interface is displayed in Figure 1.12(a), somewhat matching that of Figure 1.11, Sr is represented by dark blue, Ti, light blue, O red, Al, gold and
La green. Figure 1.12(b) shows the significant difference in electrical properties between
the conductive 2DEG (LAO/STO interface terminated with TiO2 structure represented in
Figure 1.12(a)) and LAO/STO with STO terminated with SrO showing the bulk resistive
properties.
The potential of the LAO/STO interface in the field of microelectronics stems from a
plethora of reasons. Coupled with all the useful properties discussed below and the aforementioned Hall mobility > 104 cm2 V−1 s−1 , this 2DEG becomes a candidate to replace Si
(Hall mobility of ∼300cm2 V−1 s−1 [102]) in semiconducting electronics. Furthermore,
the active interface (which sits between the LAO and STO) is close to that of the surface
of LAO (∼2–∼10nm depends only on the thickness deposited) compared to that of traditional semiconductor heterostructures which may have a surface to conducting interface
gap >100nm [103]. The closer proximity of the 2DEGs interface to the surface allows
for easier tunability of its properties.
1.2.5

Possible origins of the LAO/STO 2DEG

There are three main theories behind the creation of a 2DEG at the LAO/STO interface;
polar gating (polar catastrophe), oxygen vacancies and intermixing. The first two theories
are the most widely recognised as being the cause of the 2DEG either separately, or in
conjunction with each other.
1.2.5.1

Polar Catastrophe

This model for the origin of the 2DEG was first suggested by Ohtomo and Hwang [88],
and further developed by Nakagawa [104]. The basis of the polar catastrophe is that a
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Figure 1.12: (a) Lattice of epitaxial growth of LAO on top of STO. (b) Resultant curve
dependent on the substrate termination from [101]. Resistivity of the LAO/STO interface
is determined by the top most layer of the STO substrate and whether this is TiO2 or SrO.

large energy cost, caused by a continually diverging charge potential, is created for atomically abrupt interfaces from polar discontinuities. All perovskite structures (ABO3 ) can
be divided into two distinct alternating planes of AO and BO2 . Knowing that oxygen has
a valence of O−2 allows the A and B elements to have different combinations of valence
to keep the overall structure neutral, for example (SrO/TiO2 in STO and LaO/AlO2 in
LAO). This means that a polar discontinuity can be created if the perovskite structure
is terminated on the final surface plane, and a different perovskite is atomically grown
on top. For the 2DEG created between LAO and STO, the two possible configurations
are n-type AlO2 /LaO/TiO2 or p-type AlO2 /SrO/TiO2 . The first structure is the basis for
the LAO/STO 2DEG and is seen in Figure 1.13. The alternating charge planes in this
configuration cause the diverging potential.
The multivalent nature of Ti allows for different electronic states and as such provides
the mechanism for the electronic reconfiguration. To avoid the diverging potential in Figure 1.13, half an electron charge is taken from the final AlO2 layer and donated to the
3.5+ O4− . This electronic reconstruction centres
interface, changing the Ti4+ O4−
2 into Ti
2
the induced electric field so that it oscillates about 0, which, in turn, ensures that the poten-
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Figure 1.13: The planes of both LAO and STO in a heterostructure is seen on the left.
The planes of STO are both charge neutral, while LAO alternates between ±1. Without
a charge reconstruction the electric field (blue dashed line) alternates on the positive of
equilibrium (solid black line), causing the electric potential (green dashed line) to diverge
away from equilibrium.

tial no longer diverges. In this case the theoretical carrier density of the interface would be
0.5e− /u.c. ≈ 3.5×1014 [0.5×(3.791×10−10 )−2 ] [104, 105]. The electron reconstruction
is shown in Figure 1.14.
The second possible LAO/STO interface is the p-type AlO2 /SrO/TiO2 . While this is
not shown in either Figure 1.13 or 1.14 a similar reconstruction is predicted to occur.
However, in this case the potential in the opposite direction, with a half electron charge
donated from SrO to the LAO surface instead. While the reconstruction still must occur,
this interface has been found to be insulating [88].
A major source of evidence supporting this theory is the critical thickness dependence
on the LAO, Figure 1.17. This thickness dependence is likely brought about by the required activation energy of the LAO, whereby 4u.c. is the equivalent of the diverging
charge discontinuity potential. Further evidence of a charge redistribution is given by
electron energy loss spectroscopy, which showed an increased population of Ti3+ ions
at the interface [106]. However, the concentration of the Ti3+ depended heavily on the
deposition conditions.
1.2.5.2

Oxygen Vacancies

Unlike LAO, the properties of STO are readily modified by introducing defects, including
oxygen vacancies. In general there are 3 ways to introduce oxygen vacancies into STO
[90, 107];
≻ Annealing at a high temperature (>800◦ C) and vacuum <10−4 mbar.
≻ Depositing oxygen-reduced thin films.
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Figure 1.14: The same structure from Figure 1.13 undergoing electronic reconstruction
by donation of half an electron charge from the surface. The electric field (blue dashed
line) alternates about equilibrium (solid black line) such that the electric potential does
not diverge.

≻ Ar-ion bombardment.
Oxygen vacancies are introduced into STO during the deposition of LAO via the first
method above, where temperatures and pressures generally exceed those values. High
resolution transmission electron microscopy (TEM) revealed oxygen vacancies extending 10nm into the substrate. Interestingly the oxygen vacancies can be driven out of the
substrate by annealing at a high temperature in oxygen. The general electrical behaviour
caused by oxygen vacancies in STO can be seen in Figure 1.15. Where the higher the
vacuum (higher oxygen vacancies) the more increased conductivity of the 2DEG. The
properties of the 2DEG are extremely sensitive to the environmental conditions. Any
changes to temperature or vacuum during the deposition procedure may change the sample from insulating to conducting or vice versa.

Figure 1.15: Comparison of resistance, carrier density and Hall mobility for LAO/STO
2DEGs and STO only prepared under different atmospheric conditions or by Ar bombardment. In both preparation conditions the oxygen vacancy level in the material is
modified [90].

In some cases, the charge carrier density of the LAO/STO 2DEG has been reported to
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be 1016 -1017 cm−2 . This carrier density is 2 orders of magnitude higher than the expected
value for the interface between LAO and STO assuming the polar catastrophe model.
This suggests the charge carriers extend into the bulk of the substrate. Based on this, Kalabukhov et al. [90] conclude that oxygen vacancies are the main reason for conductivity
in LAO/STO. On the other hand, the observed large magnetic effects reported in [108]
cannot be a result of oxygen vacancies as the required impurity magnetic moments would
be too high in concentration. Instead the magnetic effects must be a result of interface
electrons forming local 3D magnetic moments which may only arise from a polar discontinuity. Hence the polar discontinuity model must be present and cannot solely rely on
oxygen vacancies.
Unfortunately, many papers reporting oxygen vacancies as the cause of LAO/STO conduction, particularly with the higher charge carrier densities than predicted (>3.5×1014 ),
are due to incorrect deposition procedures. Using conducting-tip atomic force microscopy
(AFM) on a cross section of the LAO/STO interface the conducting properties may be
mapped out. Basletic et al., [109], have characterised the interface using this AFM technique to show the extreme importance to correctly deposit LAO to produce a 2DEG in
regards to the background O2 pressure. As shown in Figure 1.16, annealing the sample in
300mbar oxygen ensures the conductivity is truly confined to the interface. Non annealed
samples do not remove the substrate oxygen vacancies, which allows the conductivity to
leak into the STO, naturally increasing the carrier density reported in some papers.

Figure 1.16: Post deposition of LAO the sample may be (a) annealed in high partial
pressure O2 sample showing true 2D conductivity. A highly conductive (red) region is
confined between two highly insulating (pink) regions, which represent the LAO and
STO. Post deposition of LAO the sample may also be (b) cooled to room temperature
without annealing in which charge carriers may leak into the STO substrate. [109]

1.2.5.3

Cation Intermixing

A third suggested theory to explain the conductive interface is the intermixing of cations.
It is well known that La+ -doped STO is conductive, hence diffusion of the LAO and STO
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may cause a conducting interface. La1−x Al1+x O3 /STO, for x=0 and 0.05, interfaces were
studied with x-ray photoelectron spectroscopy revealing a valence band offset and no band
bending in either LAO or STO [110]. Instead the conduction and valence bands displayed
an abrupt change at the interface with no shift in energies into the STO. First theory
theoretical calculations could not explain this based solely on a polar catastrophe model,
which predicts the conduction and valence bands of the STO to bend at the interface.
Supplementing the simulations to include cation intermixing successfully showed both
valence band offset and lack of band bending [110, 111].
In summary, there are several models which may explain the conduction between insulating LAO and STO. However, no such model does this perfectly. Likely some components from each of the models (polar catastrophe, oxygen vacancies and cation intermixing) are occurring.
1.2.6

Properties of the Interface

Perovskite structures involve the stacking of charged planes such that the overall system
is neutral. However, this can be forced into a state where joining two perovskites causes
a charge discontinuity at the interface. The small lattice mismatch between LAO and
STO allowed ‘simple’ epitaxial growth. The initial model put forward is the existence
of a 2DEG by a polar catastrophe, where an extra charge of +-e/2 exists at the interface
due to the stacking of charged planes [88]. The resultant metallic-like conduction of this
interface can be viewed in LaO-TiO2 curve shown in Figure 1.12(b).
In order for the interface to be conducting, it is required to have more than 4u.c. of
LAO deposited on the surface of STO. A thickness dependence of LAO agrees with the
prediction from the polar discontinuity model. This thickness dependence is shown in
Figure 1.17 from work done by [112]. Both conductivity (Figure 1.17(a)) and carrier
density (Figure 1.17(b)) of the interface abruptly change when more than 4u.c of LAO is
present on the STO surface. The LaO-TiO2 interface has an abrupt charge discontinuity
(charge valence of the LaO being +1 and the TiO2 being 0). Each additional LAO layer
adds to the continually diverging voltage potential. To stop the potential from diverging
infinitely a half electron charge is donated from the LAO surface to the interface, which
causes the conducting layer. The diverging potential induced by 4u.c. of LAO is the
required voltage to remove half an electron charge from the LAO surface and donate the
charge to the interface.
Furthering the critical thickness measurements, Thiel et al. [112] found that the 2DEG
is both tunable and has memory behaviour. Using a sample with 3u.c. of LAO (below the
threshold for conduction) the interface could be made conducting by applying a positive
back gate (Figure 1.18). Removing the voltage from the back gate induced a period
of resistance relaxation where the resistance gradually increased towards it’s insulating
state. The maintained conductivity after turning off the back gate indicating memory
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Figure 1.17: The importance of the thickness of deposited LAO can be seen by both the
(a) conduction and (b) electron density. A critical thickness of 4u.c. is required to make
the LAO/STO interface conductive. Adapted from [112]

behaviour. This low resistance state continued indefinitely until an instantaneous switch to
low conductivity occurred with application of a negative back voltage. According to Thiel
et al. [112] there are no memory behaviour mechanisms in the 2DEG itself, hence it may
be concluded that the STO is playing a significant role in this effect. It is proposed that
a charged layer of oxygen vacancy defects produces an independent electric field on the
interface, which then depletes over time. Similar gate characteristics were mentioned for
conductive 2DEG which had LAO thickness of 4u.c. However, a full insulating transition
like that seen in the 3u.c. case could not be obtained. While use of the STO as the gate
dielectric is effective due to the large dielectric permittivity, but the required gate voltage
is also extremely high (>70V) caused by the thick STO substrate. The large voltage
requirement is clearly non-ideal for microelectronics.
Another significant feature of the LAO/STO 2DEG is the existence of 2D superconductivity [113]. Two different samples, one with 8u.c. and the other with 15u.c., showed
the superconductivity to be extremely thickness dependent with transitions occurring at
≃200mK and ≃100mK respectively. Although the Tc is similar to that of oxygen reduced STO [114], the 2DEG undergoes a transition which is comparable to that of a
Berezinskii-Kosterlitz-Thouless (BKS) [115, 116], which describes that of 2D superconducting systems. A BKS superconducting transition defined by a temperature within the
superconducting regime in which vortex-antivortex pairs dissociate [113]. Further solidifying the existence of 2D superconductivity within the interface is the required carrier
density for oxygen reduced STO, which is more than an order of magnitude higher than
what is experienced in the 2DEG [113]. Hence SrTiO3−x cannot be the cause of the superconductivity at the LAO/STO interface, at least not entirely. Being able to dynamically
control this superconductivity with electric fields may lead to new quantum devices. Due
to this, the field effect on the 2DEG superconductivity was tested and found that back
gated electric control of the Tc was possible [117]. Shown in Figure 1.19(a), the 2DEG
was tunable from completely normal to having a Tc of >250mK by applying extremely
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Figure 1.18: A significantly useful property for electronics, the LAO/STO interface
displays both tunability and memory (top graph) by applying the voltages (bottom graph)
through the STO substrate. Adapted from [112].

large negative to positive gates respectively. Another important fact of superconducting
electric field control is the creation of the phase diagram in Figure 1.19b. This phase
diagram fits nearly perfectly to that predicted of a BKS 2D superconducting system.

Figure 1.19: (a) Tc of a 2DEG sample changing by applying a back gate voltage. (b)
Superconducting phase diagram. [117]

The 2DEG samples examined so far were performed on unpatterned surfaces, inferring
large conducting areas. However, for applications, in particular microelectronics, a litho29
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graphically defined pattern is required. Ion beam etching, regrettably, produces oxygen
vacancies in STO, inducing conductivity. Having a metallic-like substrate is not acceptable in many applications as it causes shorts and shunts. Not only becoming conductive,
the resistance of the ion bombarded STO is less than that of the interface due to the now
3D nature of the conduction. The Ar ion penetration depth at 300V is said it be anywhere
from 3nm [118] to 5.4nm [119], however, the conductive layer itself has been calculated
to be much deeper [118]. With the LAO being extremely inert to acids, it had become important for the 2DEGs success in applications to be miniaturised. Schneider et al. [120]
developed a process in which samples can be patterned without the use of ion beam etching. This procedure, which is summarised in Figure 1.20 utilises the critical thickness
requirement of epitaxial LAO and the lift-off technique to define the bridge. Two atomic
cells of epitaxial LAO are deposited onto a TiO terminated STO substrate. The region
for the desired 2DEG is defined by a lithographic technique. Amorphous deposition of
LAO across the entire sample ensures the regions outside the lithographic section cannot
be conductive. After lift-off of the photoresist the region previously defined by lithography has two unit cells of epitaxial LAO exposed. A further epitaxial deposition of LAO,
so total thickness of e-LAO is above the threshold of 4u.c., leaves a conductive 2DEG
in the lithographically defined section. This bridge definition technique is highly dependent on reflection high-energy electron diffraction (RHEED) to ensure exact unit cells are
deposited.
Downsizing of LAO/STO bridges dramatically increases the usefulness for modern
technology. Cen et al. [121] found that the metal-insulator transition of the interface can
be locally changed for bridges 3nm in width. To achieve this, a conducting AFM tip was
contacted to the surface of 3u.c. LAO. Generally 3u.c. is below the threshold to have
a conducting interface. However, when the tip is driven between 2 electrodes an abrupt
increase in conductance is measured, which stays conducting for more than 24 hours
in room temperature. While AFM tip writing is useful, in most cases the lithography
technique described in Figure 1.20, or some variation of it is used.
With the development of a reliable bridge creation technique [120], functional 2DEG
devices become a realistic prospect. An area of great potential is that of computing electronics, in particular a top gated field effect transistor (FET) [122, 123]. Examples of
2DEG FETs, which function over a wide temperature range, can be seen in Figure 1.21,
both of these devices operate by using the conductive interface as the drain-source channel and the epitaxial LAO as the gate dielectric. These FETs operate with gate voltages
(VG ’s) below ±1V, opposed to the >70V required with back gating, which is one major
advantage to top gating. Another problem with back gating is the fact that both carrier
density and mobility are simultaneously changed. Hence a low carrier density and high
carrier mobility cannot be achieved [123]. This problem is once again averted by the
use of top gates. Clear transistor characteristics (gate voltage dependent resistance and
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Figure 1.20: Miniaturising the working area of the 2DEGs require the creation of
bridges. The standard technique of ion beam etching a masked sample induces conductivity in the STO. Due to this the microlithography technique for creation of bridges
in 2DEGs was developed by [120] and involves deposition of both epitaxial and amorphous LAO (e-LAO and a-LAO respectively).

current saturation) are observed in Figure 1.21, with current saturation occurring at all
temperatures. The FET in ref [123] was said to show near ideal transistor characteristics
at room temperature. This ‘ideal’ characteristic being the quadratic form of the VG ’s had
on IDS as expected by the saturation regime gradual-channel model (the gradual variation
of voltages across the drain source channel) [124]. Room temperature on-off ratios of
>1000 are also achieved, which is the ratio of current at a fixed voltage dependent on the
max magnitude of gate voltage.

Figure 1.21: FET operation of top gated (applying the gate voltage through the LAO)
2DEGs from ref [122] (left) and ref [123] (right).

Both top gated FETs described above operated by depleting the interface by reducing
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the available charge carriers. This is because the use of a capping layer dramatically
changes the way the interfacial conductivity behaves. Huijben et al. [125] found that
a capping layer of strontium copper oxide increased both carrier mobility and density.
The proposed reason for this is the capping layer reducing the kinetic barrier for oxygen
exchange, and hence increasing the suppression of oxygen defects, which cause impurity
scattering. Further studies into this phenomenon revealed this to be a common occurrence
in both metallic [126–128] and insulating [129] capping layers. In addition to enhanced
conductivity, a capping layer has the potential to suppress the critical thickness dependence of the LAO, even to 1u.c. in some cases [127, 128]. On the other hand, capping
layers also have the potential to deplete the interface [130, 131]. Experimentally observed
using YBa2 Cu3 O7 (YBCO) as a top gate, Li et al. [130] found that the 2DEG beneath
the gate contact had a substantially diminished electron density. This was believed to be
caused by either a difference between the work function of YBCO and the vacuum, YBCO
ionic layers polarity, or to lattice mismatch strain. Increasing the distance of the capping
layer to the interface (thicker epitaxial LAO) caused a reduction in depletion [130]. Using
density functional theory calculations on many different metallic contacts (Al, Ti, Fe, Co,
Pt, Cu, Ag, Au) suggested a wide variation on effects to the interface [131]. Confirmed
experimentally in [127, 128], Al and Ti eliminated the electric field, which suppressed the
LAO critical thickness requirement. In the remaining metals, a finite electric field develops in the LAO. Of particular importance to the consequence of surfaces metallic layers is
that of Au contacts, as the electric field in the LAO is increased. In all cases, the metallic
capping layer causes a change in band alignment, Schottky barrier depth, carrier density
and lattice polarisation of the 2DEG. These changes seemed to be related to the work
function of the metal [131]. In producing and measuring X/LAO/STO devices (where X
is the top surface material) it is, therefore, extremely important to appropriately choose
both the gate and even the contacts.

Figure 1.22: Effect of the capping layer on a 2DEG [132].

Shortly after the LAO/STO 2DEG discovery, interfacial ferromagnetism was also found
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[108]. This was quite a remarkable revelation as both LAO and STO are diamagnetic.
The interface presented a large negative magnetoresistance, magnetic hysteresis (Figure 1.23(a)) and Kondo effect, showing ferromagnetic interactions. This magnetism is
believed to be caused by partially filled interface sub-bands [133, 134] of Ti ions [135]
generating electronic phase separation. Already rare for a material to show coexistence of
both ferromagnetism and superconductivity [136, 137], the usefulness of the magnetism
is excelled by electric field control. Using both top and back gates allowed tuning of the
spin orbit strength at fixed carrier densities, hereby changing the magnetic response of the
interface [138, 139].

Figure 1.23: Magnetism at the interface of LAO and STO showing (a) hysteresis [108]
and (b) electric field dependence [139].

In summary, the interface between LAO and STO presents interesting and unique properties which allow production of scientifically appealing devices. These features include,
but are not limited to, metallic-like conduction, low carrier density, high electron mobility, superconductivity, and magnetism. Importantly all these properties may be tuned by
an electric field.
1.2.7

Summary of the 2DEG motives

The LAO/STO 2DEG system contains many impressive and useful properties such as
metallic-like conduction, high electron density/mobility, FET operation, superconductivity and magnetism. However, there are also disadvantages such as interface charge depletion from surface capping layers and oxygenation (conductivity inducing) of the STO
substrate from plasma etching for bridge patterning. Many groups are reporting a 2DEG
with extremely high carrier densities, but this is due to conductivity within the STO substrate shown in Figure 1.16. If the sample hasn’t been properly annealed then this is not a
true 2DEG as three dimensional conductivity has leached into the substrate.
Secondly, a lot of the gating has been through the STO substrate meaning the high
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applied voltages for the electric field. This reduces the appeal for potential electronic applications. Instead focus should be on top gating to increase the novelty of any potential
devices. The limiting factor for this area is shown in Figure 1.22, where depositing a
capping layer generally effects the 2DEG by changing its properties (or destroying it). A
further problem with the capping layer is that any ex-situ annealing of the sample also
results in destruction of the 2DEG. A process needs to be determined where a gating material can be deposited without effecting the LAO/STO interface. This deposition process
can also further enhance integration with other thin films oxides and superlattices. So far
the full potential of the 2DEG has not been realised as other films (such as multiferroics,
magnetic materials and superconductors) also may effect the 2DEG properties. Again a
process needs to be created to reliable introduce exotic material combinations.
Finally, downsizing of 2DEG bridges dramatically increases the usefulness for modern
technology. The best way to pattern 2DEG samples currently is through either multiple
microlithography steps [120] or by conductive tip AFM drawing [121]. Both of these
techniques involve depositing a layer of epitaxial LAO < 4u.c and specialised processes.
The viability to create patterned 2DEGs for functional electronic devices would be significantly enhanced by a simple, reliable and inexpensive creation process.
The intention of this thesis is to establish a process to reliably deposit LAO onto an
STO substrate to create a 2DEG. In establishing the 2DEG topic the properties need to
be fully characterised including resistivity, carrier density/mobility and magnetisation as
well as the procedure to Ti terminate STO. In addition, this thesis aims to contribute to
the global research knowledge by;
≻ Modification of the bridge creation technique to improve/simplify the process.
≻ Investigating the introduction of additional materials to the LAO surface and what
effect this has on the interface magneto-electrical properties.
≻ Exploring possibilities of a three terminal FET device with combinations of materials as gate dielectrics.
≻ Comparing properties of a 2DEG and conductive single oxide STO in order to improve the general 2DEG literature.
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Chapter 2
Experimental Techniques
2.1

Pulsed laser deposition

Pulsed laser deposition (PLD) was used for the fabrication of all thin film samples unless
otherwise stated. PLD uses a high powered laser on a bulk (large) sample to produce good
quality high temperature oxide superconductor thin films. PLD has many advantages
over other thin film depositing systems, for example magnetron sputtering, such as cost
effectiveness, depositing a wide range of materials, and being extremely fast [140]. For
example, magnetic sputtering vacuum deposition may take several days for a complete
deposition, while PLD, on the other hand, can be fully performed within a few hours.
A lens outside the vacuum chamber focuses the rectangular shaped pulsed laser onto a
rotating target, to produce a plume (cloud of vaporised material). This plume is only
created after the laser has gone above a threshold fluence (energy per unit area), believed
to be from the target heating up enough, from the absorption of photons, to evaporate
at the surface. The plume causes the material to accumulate onto the heated substrate.
This process is shown in Figure 2.1. For best electrical transport properties the substrate
should be placed on the edge, rather than inside or outside, of the plume. Generally this
process is done under high vacuum to reduce the amount of impurities. However, oxide
superconductors such as YBCO, are grown in an atmosphere of oxygen. The oxygen
pressure level may be tuned to accurately determine the composition of oxygen deposited
in the film. The rotating target maintains a crater free and smooth surface [140]. The
temperature of the substrate determines the nucleation processes and the mobility of the
deposit [141].
As seen in Figure 2.1, this type of deposition system has the advantage of in − situ
deposition of multiple materials. This is made possible by the target holder occupying up
to 10 materials, any of which may be selected during deposition. All other parameters may
be tuned in−situ including atmosphere composition/pressure, laser energy/frequency and
substrate temperature/position.
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Figure 2.1: Schematic diagram of the PLD process. A high powered laser is focussed
onto a target inside a high vacuum chamber. The induced plume of ejected material is
directed onto a heated substrate.

2.2

Photolithographic technique to define sample
regions

Optical lithography and ion beam etching are important processes for defining patterns
and bridges. A µpg 101 machine from Heidelberg Instruments is used for the laser lithography procedure. The basic operation for this being the direct laser writing of a pattern
onto an energy definable polymer (the photoresist). The laser is pulsed onto the photoresist surface to create the structures and eventually developed off to leave an exposed
sample surface [142]. While being a versatile technique, particularly with the ability to
create user defined patterns in a relatively short time, photolithography suffers from it’s
resolution limits. Seen in the ‘UV light’ step of Figure 2.2, the 405nm wavelength of the
laser bleeds out into the surrounding resist. Limiting the best possible resolution for a
round hole to around 1µm.
The entire sample creation technique is summarised in Figure 2.2. After deposition
of the material via PLD, photoresist is uniformly applied to the sample surface by spin
coating. The substrate is held to the spin coater by a vacuum seal and spun at 5500 rpm
for 35 seconds. These parameters give a photoresist thickness of ∼1.3µm. An initial
bake for 1 minute at 115◦ C partially solidifies the photoresist to provide structure for the
36

2.3. X-RAY DIFFRACTION AND REFLECTOMETRY

Figure 2.2: Schematic diagram of photolithography and ion beam etching process.

UV exposure. Layout editor was used for the patterns to supply the required CIF file.
This file determines the areas which are exposed by the UV light, which become positive
regions. A second bake for 1 minute at 125◦ C further solidifies the non-exposed photoresist regions. The sample is allowed to cool for several seconds before developing in
MFT M -26A developer for approximately 30 seconds to remove the exposed regions. Distilled water is used to abort the developing process. This leaves a sample with hardened
photoresist and patterned exposed regions ready for etching, lift off deposition etc.
Further patterning of the samples often required ion beam etching to remove the exposed areas. High energy Ar ions are accelerated by a Mantis RFM30 ion gun within
a custom built vacuum chamber. Background pressure is held at 10−6 – 10−7 mbar for
highest purity Ar ions and to reduce scattering. Ion beam etching has the advantage compared to for instance chemical etching as it is highly directional. This allows for very
fine structure creation with minimal side wall damage. Typical ion current and acceleration voltages are 25mA and 250V respectively, which corresponds to an etch rate of
∼3.5nm/min. During this process the sample stage is cooled with liquid nitrogen to ensure de-oxygenation of the material does not occur.

2.3

X-ray diffraction and reflectometry

To assist in the process of optimising the film thickness and crystallographic properties,
both x-ray diffraction (XRD) and x-ray reflectometry (XRR) were used. XRD creates
a diffraction pattern from x-rays scattering off the crystal lattice. The lattice parameter
of the material can be calculated directly from Bragg’s Law nB λB =2asin(θ ). The crystal
lattice parameter, a, may be determined by the diffraction order, nd , incident wavelength,
λB , and scattered wave angle, θ . The materials used have well known lattice parameters,
in which case the XRD results can be compared to theory to ensure all peaks match. Additional peaks are caused by impurities or other phases within the crystal. A technique used
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which is very important for the initial LAO depositions is inspecting the Laue oscillations on the diffraction peak. The intensity pattern, I is described by the one dimensional
interference function, shown in Equation 2.1 [143].
I∝

sin( 12 NnB Qa)2
sin( 21 Qa)2

(2.1)

where Q is the momentum transfer and defined as Q = 4π
λ sin(2θ ). The most important
quantity from here, however, is N, the number of unit cells of the layer. In the current
PLD system there are no methods to determine in − situ how many atomic layers are
being deposited. The conditions for a 2DEG require 4u.c. of LAO, so modelling of the
Laue oscillations are used firstly to ensure more than 4u.c. were deposited, but also to not
deposit too many more layers. This method for determining layer thickness isn’t perfect
however, if the lattice isn’t perfectly single crystal incoherent scattering may occur off
the disorientated planes. To validate the XRD results XRR was used. XRR uses x-ray
scattering of the surface, and interfaces, of films to accurately determine the thickness
of layers. The thickness is proportional to the ratio of reflected to transmitted incident
x-rays at interfaces. If the calculated thickness between XRD and XRR is very similar it
validates good single crystalline growth. REFLEX was used to fit the XRR data [144].

2.4

Surface imaging techniques

The first process for imaging and surface analysis is atomic force microscopy (AFM).
AFM is a very high resolution variant of scanning tunnelling microscope which works
by scanning across the samples surface and building a height map of the topography.
The AFM consists of a very sharp tip which makes contact with the surface. As this is
moved across the surface the force transducer senses the force between the tip and surface.
Generally the force transducer consists of a cantilever with the probe and an optical lever.
Deflections of the cantilever/laser beam are recorded by an array of photodetectors. This
signal is fed into a piezoelectric which ensures a constant force (distance from tip to
surface) is maintained. The basic premise of this can be viewed in Figure 2.3. While
AFM is extremely useful for very smooth films, in cases where the surface is rough the
large depth of the scanning electron microscopy (SEM) is significantly better for imaging.
[145, 146]
To image via SEM, the material is probed by a focussed high energy beam of electrons. Interactions occur between the electron beam and the internal sample electrons
which causes changes in momentum and/or energy. This interaction is not confined to the
interface, but also occurs within the sample. In general there are two different electron
interaction mechanisms used to build the SEM image, inelastic (secondary electrons) and
elastic (backscattered electrons) scattering. Secondary electrons are generated when an
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Figure 2.3: Basic schematic operation of AFM imaging where changes in laser position
induced by an interaction between the cantilever and sample surface are detected by a
photodetector.

incident electron deposits energy into the atom, upon which electrons are released from
the atoms orbitals. These secondary electrons have low energies (below 50eV) and, as
such, only the secondaries created close to the surface (within few nm) will escape. Imaging using secondary electrons gives the highest resolution of the surface morphology and
topography. Backscattered electrons occur from elastic collisions with atoms deep in the
material (up to 1000s of nm) and re-emerge at the surface with energies comparable to
the incident beam (keV). Typically backscattered electrons can be used to image both
topography and material phases (chemical composition) of the samples microstructure.
The electron – electron scattering is material-dependent so that a detector, which collects
electron intensity and emission location, is able to map the material and produce an image
[147, 148]. The SEM images in this work were obtained from a dual beam microscopy
(model: Zeiss Aurgia 60). The samples were attached on a conductive holder using carbon double side tape to ensure a proper conducting path and to minimise the charging
effect. The images were taken at a medium electron beam voltage of 5 kV to compromise
between the image resolution and sample surface contamination.

2.5

Electronic properties measurement techniques

After the thin films had been properly characterised and the depositions were ensured to
produce high quality samples, the films could be measured. The two main types of measurements performed were magnetisation and transport (resistance and current/voltage).
The majority of these measurements were produced in a Quantum Design Dynacool physical property measurement system (PPMS). The measurements may be performed between 1.8K – 400K and in fields up to ±9T. For transport measurements the standard 4
probe setup was used, and van der Pauw configuration for Hall. This system is limited to
100mA and 4V. A custom built Delphi IV system was also created for use in the Quantum
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Design magnetic property measurement system XL (MPMS). This allows nanoampere
and nanovolt measurements by a Keithley 6221 current source and a Keithley 2181A
voltmeter respectively. An additional advantage of the MPMS is the much higher voltage
limit of 105V (compared to the 4V limit of the PPMS), although the MPMS is limited to
a maximum field of ±5T.

Figure 2.4: Current/voltage distribution dependent on the configuration of the contacts
(a) van der Pauw or (b) linear.

For the square films of this work two different contact geometries were used, being van
der Pauw (Figure 2.4(a)) and linear (Figure 2.4(b)). While the principle remains the same
being the application of a current and measuring the potential difference between two
points, the current distribution is significantly different. Due to this, absolute resistance
has little meaning when comparing the quality between different samples, instead the
sheet resistance, RS , is used as it may be calculated by either contact geometry. In the van
der Pauw geometry RS may be solved by Equation 2.3 [149].




πRAB,CD
πRBC,DA
exp −
+ exp −
=1
RS
RS

(2.2)

where RAB,CD is the resistance taken from the potential difference between corners
A and B when applying a current between corners C and D and vice versa for RBC,DA .
When the resistance is uniform, i.e. RAB,CD = RBC,DA , RS may be solved via Equation 2.3,
otherwise Equation 2.2 must be solved analytically.
RS =

π
× RAB,CD
ln(2)

(2.3)

Comparatively the linear contacts may be used to calculate sheet resistance by RS =
R × w p /l p , where R is the measured resistance, w p is the width of the measured region
and l p the length between voltage contacts. A final point to make with the transport
measurements is the use of 4-point contacts, rather than 2-point contacts, as the contact
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resistance is not measured. This is important for both superconductors to measure zero
resistance and critical current transition, and the LAO/STO system where the contacts are
deposited on top of the LAO causing very high (MΩ) contact resistance/diode properties.
Further sample characterisation is made by use of magnetisation measurements, i.e.
magnetising a sample and measuring the response of the internal spins. Similar results
may be obtained whether using the PPMS or MPMS, however, the measurement procedure between these is vastly different. Hence, in most cases it is prudent to ensure
comparisons take place within the same measurement vessel. For the PPMS, magnetic
measurements are performed via a vibrating sample magnetometer (VSM). The PPMS
uses a linear motor to rapidly vibrate the sample near a pickup coil while simultaneously
measuring the induced voltage. By using a gradiometer detection coil, the PPMS VSM
option is able to resolve a magnetisation of ∼10−6 emu [150]. The MPMS on the other
hand detects sample magnetisation by a Superconducting Quantum Interference Device
(SQUID), based on a superconducting ring and two Josephson Junctions. In theory the
detection method between the two systems is the same, however, the MPMS has two measurement types; DC where the sample is slowly moved vertically around the centre of the
SQUID and voltage readings are taken as a function of position. The other type being
reciprocating sample measurement system (RSO) where the sample is vibrated inside the
SQUID sensor, similar to that of the PPMS. The MPMS has an absolute sensitivity of
10−8 emu [151]. The difference in utility of these two MPMS options being the requirement of different measurement heads. The DC head allows both transport and magnetic
measurements, while the RSO head allows only magnetic measurements but is of higher
sensitivity. Due to these either option may be used depending on the desired outcome.

2.6

Magnetic and electronic measurements for
superconducting thin films

Deposition of YBCO thin films is a well established technique at ISEM [152, 153]. Instead film characterisation occurs to the artificial, rather than intrinsic, defects applied to
the superconductor.
The critical temperature, Tc , is defined in Figure 2.5 and can be measured by either the
magnetisation or resistance. The magnetic measurements in Figure 2.5 are shown by the
closed black squares and are measured by first zero field cooling the superconductor to
a nominal low temperature (say 10K). A magnetic field of 2.5mT is set and the samples
magnetisation is measured as the temperature is continuously swept up. The temperature
at which the magnetisation goes to zero indicates the Tc . The resistance measurements in
Figure 2.5 are shown by the open blue stars. These measurements occur by setting the
current to a fixed value (e.g. 10µA) at a nominal high temperature (for instance 300K)
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Figure 2.5: Definition of Tc for different measurement techniques being magnetic or
transport.

and measuring the voltage drop across the sample. The voltage is continuously measured
as the temperature is swept down until a temperature transition where the voltage tends
to zero. This temperature is the point of no resistance and defines the Tc . To ensure high
quality epitaxial growth of the YBCO, the Tc of every deposited film was measured. If the
Tc was not within (90±1)K the film was generally not used and deposition/chamber/laser
parameters were tweaked to deposit again. Tc measurements after application of artificial
defects were also used to determine their impact on the superconducting parameters. If a
significant reduction in Tc occurs, the defect type/process used is unlikely to be useful in
superconducting device fabrication.
The second important superconducting parameter to characterise or compare is the critical current, Ic , or critical current density, Jc . Naturally the assumption could be made
that the higher the Tc the better the superconducting properties and, therefore, equates to
a higher Jc . However, this is not necessarily the case with the Jc of YBCO dependent
on the density of flux pinning sites. Increasing the defects may increase the Jc , but this
decreases the overall superconducting volume and quality, decreasing Ic and Tc . Overall
this becomes a balancing act between obtaining the highest Tc and Jc possible and, hence,
the necessity for film characterisation.
Similar to the Tc , the Jc of superconductors may be determined by either magnetisation
Figure 2.6 or transport Figure 2.7 measurements. For bulk or large scale samples, as well
as for low temperature, magnetisation measurements are generally used. A hysteresis
loop is used to determine the field direction sweep dependent change in magnetic moment
(∆m), which is then converted to change in magnetisation ∆M=∆m/V , where V is volume,
42

2.6. MAGNETIC AND ELECTRONIC MEASUREMENTS FOR
SUPERCONDUCTING THIN FILMS

Figure 2.6: Typical hysteresis curves of an as deposited YBCO or YBCO with artificial
defects films with the definition of ∆M shown. Insets show the corresponding Jc calculations.

defined in Figure 2.6. Jc is then a simple geometry dependent calculation from Equation
2.4 [82], where w p and l p and width and length of the sample respectively.

2∆M
,
w p (1 − w p /3l p )
3∆M
Jcsquare =
wp
Jc =

(2.4)

Shown in Figure 2.6 are typical hysteresis curves for both a plain and a defect laden
films. For the c-axis epitaxial YBCO films used in this work Jc has a symmetrical response
to Ba . The defect laden film shown in this case has a higher M relative to the plain film,
which corresponds to an increase in both Ic and Jc . However, often the M is reduced due
to a reduction in superconducting volume, but may still correspond to an increased Jc .
Ic may also be determined by use of a critical electric field Ecr . The electric field
criterion displayed in Figure 2.7 is 10µV /cm, with a 200µm long bridge this would give
the Ecr as 0.2µV. Conversion to Jc is then a simple calculation of Ic /(w p d p ), where w p and
d p are width and thickness of the superconducting bridge respectively. Limitations to the
current supply of 100mA elicits transport measurements to generally occur on small scale
devices (bridges < 100µm wide and ∼few hundred nms thick) and/or close to Tc .
Typical samples can be viewed for both transport Figure 2.8(a), (c) and magnet Figure 2.8(b) measurements. Generally a bridge such as in Figure 2.8(a), (c) are the use of
the linear contacts from Figure 2.4(b). An advantage of a bridge of this type is the multi43
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Figure 2.7: Typical IV measurements to calculate Jc by the corresponding Ecr . The symbols α and β represent regions of flux creep and flow respectively. Using the 10µV /cm
voltage limit on the 200µm long bridge gives the 0.2µV Ecr .
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Figure 2.8: (a) Typical layout for a sample undergoing transport measurements. Dashed
rectangle represents the area imaged in (c). (b) Typical layout for a sample undergoing
magnetic measurements. Blue box encompasses entire area of YBCO. (c) Cropped area
from (a) to show the patterned bridge.

ple potential samples between each Vi contacts, compared to the one of Figure 2.8(b). For
the magnetic measurements the sample is first patterned in a 3×3mm2 at the centre of the
substrate to remove potential edge effects.
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2.7

Substrate preparation to Ti terminate STO

To create a 2DEG, a titanium terminated atomically flat STO substrate is required prior
to epitaxial growth of LAO. Without this, the interface will never be conducting. Ti
terminated STO can be acquired commercially for a high price where the substrate has
been treated with a buffered NH4 -HF solution. The pH must be between 4 and 5, below
4 and acid pits will be created in the surface, above 5 is insufficient to remove the SrO.
Trying to balance this is difficult and consistent films were never produced.
However, recently a longer (but safer) process has been discovered which consistently
creates high quality films. In 2012 Connell et al, [154], proposed that water maybe be
effective in chemically removing the SrO layers. This is due to the fact that SrO has
an ionic bond, and is therefore water soluble. The process to create an atomically flat
Ti terminated STO substrate is then annealing at 1000◦ C in air for 1 hour, sonicate in
deionised water for 30 seconds then repeat.
This process was improved further in 2015 by Prakash and Chakraverty [155], and the
final steps used are adapted from here. If hot water (60◦ C) was used as well as a longer
2nd heat treatment (2 hours) the SrO particles dissolve much more effectively. This left a
flatter and higher quality Ti terminated substrate.
The steps used were as followed;
1. Substrate annealed at 1000◦ C in air for 1 hour.
2. Sonicated in 60◦ C water for 1 minute.
3. Annealed at 1000◦ C in air for 2 hours.
4. Sonicated in 60◦ C water for 1 minute.
To ensure this furnace annealing was consistent between both steps and samples the
same furnace was used throughout. In addition the temperature profile of this furnace
was mapped out to ensure the desired temperature was consistently being applied. The
maximum operating temperature of this tube furnace is 1050◦ C, setting the temperature
to this, rather than the 1020◦ C used in Figure 2.9, gives a maximum actual temperature of
970◦ C close to the desired 1000◦ C [154].
After the annealing procedure, the films were immediately placed in the PLD chamber.
The deposition conditions required to create a 2DEG in the LAO/STO system are well
documented in literature [88, 117, 156], however, these conditions vary significantly particularly with respect to pressure. Typical deposition conditions are 700 – 850◦ C at an
oxygen pressure of 10−5 – 10−3 mbar using an excimer laser. Above 10−3 mbar layer by
layer growth is replaced by island growth [133], while below 10−5 induces oxygen vacancies (conduction) in the substrate [90]. A fluence of ∼1 – 2 Jcm−2 and a repetition rate of
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Figure 2.9: Temperature of tube furnace set at 1020◦ C measured by K-Type thermocouple. Solid lines show start and end of furnace, dotted line shows middle of the hottest
region.

1 – 2 Hz is generally used. As mentioned previously, an important step next is annealing
in oxygen to ensure there is no conductivity in the substrate as with a sufficiently high
annealing pressure, oxygen vacancies may be removed [109]. Based on these factors, the
final deposition parameters used are displayed in Table 2.1, as well as that for deposition
of YBCO.
Table 2.1: Deposition parameters for LAO on STO for a 2DEG as well as YBCO.

Target
Temperature (◦ C)
Oxygen Pressure (mbar)
Energy (mJ)
Fluence (Jcm−2 )
Frequency (Hz)
Time (s)
Annealing Pressure (bar)
Annealing Rate (K/min)

LAO
800
10−4
250
1.5
2
120
0.25
10
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YBCO
780
400
250
1.5
5
480
1
10 (400K step for 30mins)

Chapter 3
Superconducting YBa2Cu3O7 thin films
This chapter explores the possibilities to manipulate the critical current density properties
of YBCO superconducting thin films by modifying the vortex pinning behaviour inside
the material. The corresponding work in this subject is broken up into five main sections
including;
≻ Introduction/Film Characterisation which establishes the fundamental techniques
to prepare/measure samples.
≻ Antidots introduces the defect type of antidots which provide the means for enhancement of Jc .
≻ Superconducting Ratchets shows several types of defects which allow for guided
vortex motion.
≻ Substrate Engineering provides examples of a new form of defect creation utilising
a well established technique to access a previously unreachable pinning regime.
≻ Finally the work is concluded in the Summary.

3.1

Introduction

Improving, modifying and controlling the critical current density (Jc ) of superconductors is necessary for existing and potential devices. Tailored flux pinning in YBa2 Cu3 O7
(YBCO) using artificial and natural defects can provide the necessary Jc enhancements.
Major studies in film microstructure alterations such as multilayering [71, 152], addition
of secondary phase nanocomposites [157–160], nanorods [161–163] or ion irradiation
[164–166] have proved successful.
Lithographic nanofabrication techniques by the complete or partial removal of the superconductor provide vortex and/or flux trapping in small and controlled locations [18,
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66, 167–174], which allows more regulated and, possibly, complementary vortex manipulation and guidance.
Progress with these defects have been limited by their size, which has generally been
around tens to hundreds of nanometres with one reason being that only one or a few
vortices can be accommodated. This limits Jc and vortex control to only tiny applied
magnetic field (Ba ) range, mainly around the so-called single vortex pinning regime. Another problem lies with the difficulty of producing defects on such a scale, in both time
and expenditure, in particularly on an industrial scale [175]. One obvious way to fix this
would be to increase the scale in which these defects may be created. In doing so optical
laser lithography (with µm resolution) can be used rather than electron beam lithography
(with nm resolution). However, the most important aspect of this size increase is to ensure the Jc is reliably and controllably increased. Defects this large have been shown to
increase the Jc of YBCO thin films. In particular controlled ion irradiation to produce
holes in a graded or non-uniform landscape [168] and by reducing the size of the hole
to 2 µm to around the resolution limit of laser lithography [171]. Another application
of micron sized holes is the ability to create a ratchet effect [66, 67]. It is important to
further establish and improve the supercurrent ratcheting in devices for optimal function
via a reduction of induced flux noise.

3.2
3.2.1

Antidot structures in YBCO

Introduction to antidots

Antidots (ADs) represent the first type of artificial defect in this chapter and are created
by the controlled removal of the superconductor in specific locations. The removal of
the material locally suppresses the superconducting potential at these locations, which
gives an energetically favourable area for vortex existence. ADs represent an important
pinning centre in many superconducting systems due to the non-random locations, opposed to many other defect types. Improvements to the lithography technique mean that
AD sizes between 2ξ and λ , optimal for vortex pinning, may easily be reached [17, 18].
Furthermore, the shape of the AD is another pinning dependent parameter which can be
tuned.
3.2.2

Free energy between a vortex and an antidot

Developing a theoretical understanding of the interaction between a superconducting vortex and an AD defect gives insight to optimised flux pinning. The radius of the defect (r0 )
determines the largest potential number of vortices (vortex occupation, nocc ) within that
corresponding AD at a certain applied field. Equation 1.2 determines the free energy of
the AD, which is equivalent to the potential pinning strength. With larger defects, more
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vortices may occupy the AD (hence larger free energy), and it may, therefore, seem that
pinning potential (and Jc ) would continue to increase. However, increasing the AD radius
decreases the available superconducting volume for the current to propagate. The overall
Jc of the superconducting system is, therefore, a balance between competitive vortex pinning and removal of the superconductor. A theoretical defect study may elucidate a path
to optimisation the size of ADs.

Figure 3.1: Free energy of a vortex dependent on the distance away from an AD with no
pinned vortices for (a) 0.1Tc , (b) ∼0.86Tc (77K) and (c) 0.99Tc . Normalised free energy,
to the free energy 10µm away from AD core, of a vortex dependent on the distance away
from a saturated AD for (d) 0.1Tc , (e) ∼0.86Tc (77K)pand (f) 0.99Tc . Legend displays the
radius, r0 , of the AD for all figures and with ξ = ξ0 / 1 − (T /Tc )4 , ξ0 = 2nm.

Initial determination of the relationship between a vortex and an AD can be examined
by free energy calculations from Equation 1.2. In all calculated temperatures from 0.1Tc –
0.99Tc vortex–AD free energies are nearly identical for nocc = 0 Figure 3.1(a)-(c). Indeed,
increasing the the radius of the AD from 200nm to 2µm does not significantly change
the interaction, only the point at which the vortex can exist. In all cases, where no prior
vortex has entered the system, the calculated vortex is attracted to the AD, seen by the
minimum of free energy, as expected [45].
As the magnetic field continues to increase, a point is reached where the maximum
number of vortices can be accommodated within the defect, given by saturation number
ns . Until the AD reaches ns (where the vortex-AD interaction is zero), the free energy
decreases as more vortices are introduced (from nocc = 0 to nocc = ns ). Note that Equa49
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tion 1.2 is valid only for small r0 where field exists as vortices, rather than large nonsuperconducting regions where vortices will be magnetic flux. However, experimentally
observed multiquanta (large groups of vortices) has been found for ADs with a diameter
of 2µm, with values agreeing with the theoretical ns ≈ r0 /2ξ (T ) [44]. Once the AD is
saturated with vortices the free energy becomes highly dependent on both temperature
and AD radius Figure 3.1(d)-(f). This is due to a competition between the attraction to
the AD and the repulsion of the pinned vortices. At 0.1Tc (Figure 3.1(d)) a maximum
in free energy is observed for AD radius’s between 200nm–600nm at the edge of the
AD. This means that interstitial pinning (which occurs as a result balanced repulsion between other strongly pinned vortices) occurs at the local minimum between ADs. With
a larger AD radius than 600nm the free energy somewhat resembles that of the nocc = 0
case. As the temperature increases, the AD radius in which this interstitial pinning occurs also increases, up to 1µm at 0.86Tc and >2µm at 0.99Tc . Another feature evident
in Figure 3.1(e) particularly is an apparent mixed state of AD-vortex and interstitial vortex pinning. This can be seen for 1µm and nocc = r0 /2ξ where a minimum occurs at the
edge of the AD before a maximum occurs ∼50nm away from the edge of the AD. In
reality, the negative free energy in the fully occupied state for larger diameter ADs (Figure 3.1(d, e)) suggests that the small r assumptions made for Equation 1.2. However, at
0.99Tc (where both ξ and λ are significantly larger than at 0.1Tc and 0.86Tc ), the ADs are
repulsive across the entire diameter range. This suggests the AD is truly fully occupied
and Equation 1.2 is still valid.
Figure 3.1 reveals that the field dependent pinning landscape is easily tunable by the
size of the AD as well as the temperature. This also shows that, at least theoretically, large
ADs have potential to improve the flux pinning, and therefore Jc , of superconductors.
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Figure 3.2: (a) Number of vortices within an AD required to cause saturation, ns , dependent on the size of the AD and the temperature (legend). (b) Positionally dependent free
energy in relation to a saturated AD showing the competition between an ADs ability to
hold more vortices and the stronger repulsive interstitial force this creates.

Figure 3.2 displays the reason for normalisation of Figure 3.1(d)-(f). This normalisation
is due to the linearly increasing number of vortices in ns of the AD causing a dramatic
increase in the free energy. The curves in Figure 3.2(b) require the y-axis to be displayed
in a log form, wherein all AD radius dependent features are hidden. Each free energy
value in Figure 3.1(d)-(f) is divided by (normalised) the free energy 10µm away of the
corresponding AD.
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Figure 3.3: Positionally dependent normalised free energy of a vortex with regards to
a 1µm radius AD in a triangular lattice with no pinned vortices for (a) 0.1Tc (∼0.86Tc
and 0.99Tc were visually identical). Positionally dependent normalised free energy of a
vortex in regards to an AD lattice where the ADs are fully occupied with vortices at (b)
0.1Tc , (c) ∼0.86Tc (77K) and (d) 0.99Tc .

The free energy values for the 1µm radius AD (calculated via Equation 1.2) was converted into a positionally dependent lattice which gives the 3D images of Figure 3.3. The
triangular lattice of the ADs was used to match that of the experimental AD arrays used.
Once more, the no-vortex state is displayed in Figure 3.3(a). The free energy appeared
visually identical with changes to temperature when no vortices are present in the AD,
hence are not displayed in Figure 3.3. A vortex which now penetrates the superconducting region is attracted to the entire edge of the AD, and a local maxima (‘repulsion’)
occurring at the mid point between ADs.
The temperature dependence of the vortex-AD interaction where the AD has the maximum possible number of occupied vortices is displayed in the 3D images of Figure 3.3(b)(d). At 0.1Tc the free energy represents a very similar image to the no vortex state, with
maxima occurring between ADs. Increasing the temperature to ∼0.86Tc (Figure 3.3c)
causes a very slight interstitial pinning form, where a small local maximum at the edge
of the AD occurs. The local energy maximum at the AD edge repels a penetrated vortex (located in the superconductor) away from the AD. Balanced repulsion between the
ADs constitutes interstitially pinning, where additional energy is now required to move
the vortex. Note that interstitial pinning is much weaker than defect pinning. At 0.99Tc
and with a defect with full vortex occupation (Figure 3.3d) a sharp increase in the free
energy occurs at the edge of the AD, such that a vortex would experience a relatively
stronger (compared to ∼0.86Tc ) repulsion away from the defect occurs. Hence, at 0.99Tc
and nocc =ns the interstitially pinning force is relatively strong.
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Figure 3.4: Normalised free energy of a vortex at 0.99Tc with no pinned vortices in
relation to a (a) circular, (b) square and (c) triangular shaped AD. Normalised free energy
of a vortex at 0.99Tc and nocc = ns (saturated with vortices) in relation to a (d) circular, (e)
square and (f) triangular shaped AD. Shown in (g) is a simplified schematic of how the
different shapes were built using nano sized circular ADs (enlarged in the schematics).

The final free energy calculations relating to the experimental work are based upon the
shape dependence of the AD and displayed in Figure 3.4. In general the shape dependence of ADs stems from both a single vortex interacting with the edge of the AD, as
well as a global flux lattice interaction, where two strongly pinned vortices may trap a
third via repulsive vortex-vortex interactions. Note that the pinning of vortices with other
strongly pinned vortices is an example of interstitial pinning. Vortex-AD shape interactions can be seen with triangular ADs, which have been shown to cause a flux motion
dependence (ratcheting) [67, 171]. This flux ratcheting is dependent on the vortex experiencing a Lorentz force towards the base or apex of the triangle. To build shape dependent
AD features in Figure 3.4 (Equation 1.2 assumes a circle) the shapes are created by the
addition of many nm sized circle ADs with a period less than their radius. The creation of
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these shapes is shown in a simplified schematic in Figure 3.4(g). The process of adding
many nm sized ADs to form a single shape does not in reality assume vortices exist in
non-superconducting regions. Instead this simulates a structure where the free energy is
zero inside the AD and the circumference of the shape acts as lines of joined nm sized
ADs. The expected shape dependence from Figure 3.4 is qualitative in respect to absolute
magnitudes, however, the dependence of the vortex-AD interaction will be correct. as
a validity check a 1µm radius circle is displayed in Figure 3.4(a) and (d). Visually, the
circle created by the process of adding many nm circles gives a vortex-AD interaction that
is identical to that of Figure 3.3.
In a further addition to the previous free energy calculations of Figures 3.1–3.3, Figure 3.4 also incorporates intrinsic pinning by adding additional ADs which are much
smaller. Intrinsic pinning is created by the natural defects which occur, in YBCO high
density columnar dislocations occur which traverse an entire thin film. Generally these
defects are around the size of the vortex (∼2–∼5nm), however, to visually represent the
intrinsic pinning in Figure 3.4 the additional ADs are 50nm in diameter. In all cases of
Figure 3.4, the AD visually dominates the free energy interaction compared to the added
intrinsic pinning. The major difference between pinning mechanisms of ADs and intrinsic defects being multi and single vortex trapping respectively. A balance between the
removal of these intrinsic single pinning vortex sites and the addition of the multiple flux
pinning ADs is required. Large superconducting volume removal generally degrades the
Jc [171].
For the ADs with no vortices state (Figure 3.4(a)–(c)), the interaction between a free
vortex and the AD is equal along the circumference of the shape. That is, the ‘attraction’
of the vortex to the AD is the exact same anywhere along the ADs edge. However, there
is a shape dependence which originates from the position the AD edge occupies in space,
which clearly depends on the shape.
In complete contrast to that of Figures 3.4(a)–(c), the saturated vortex state induces a
significant difference in the free energy along the edge of the square and triangle AD. In
particular the corners of both shapes represent local minima of the ADs circumference. In
terms of general superconductivity, corners or shape edges can have interesting effects, for
example this free energy is somewhat reminiscent of the circulating supercurrent around
global shapes revealed in magneto-optical imaging [176]. Once more, although this is a
qualitative shape study, the circle artificially created in Figure 3.4(d) is visually identical
to Figure 3.3(d). Another effect is the promotion of flux avalanches in low temperature
superconductors at the corners of very large square or triangle holes, whereas circles limit
these thermomagnetic avalanches [177]. However, this free energy calculation may in fact
be a function of Equation 1.2, as it can be seen in all of Figures 3.4(d)–(f) that the value of
free energy along the circumference is radially dependent on the distance to the centre of
the AD. That is, the closer the AD circumference is to the centre of the corresponding AD,
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the higher the free energy. Nevertheless, an apparent shape dependence emerges which is
represented by an AD dependent of the free energy interaction.
3.2.3

Investigated configurations of antidot arrays

Several different AD patterns can be viewed in Figure 3.5. Although the defects in this
image are blind (partially etched), some similar arguments can be made to a fully perforated hole. The variations in size and shape of both blind holes and ADs have a profound
effect on the interaction with vortices. Free of artificial defects, the vortices arrange themselves in a triangular lattice. As the vortices can not exist within the hole itself, adding
ADs, particularly the large diameters used here, locally distorts the flux lattice from the
ideal Abrikosov case. Both the triangular Abrikosov and vortex distorted lattice can be
seen by scanning SQUID microscopy such as in [178]. Furthermore, the edge of the AD,
being the junction of superconductivity and normal material, represents the area of increased vortex pinning. The vortices arranged adjacent to the ADs are strongly pinned
along the edges, assuming Lorentz force is perpendicular to the edge. These vortices act
as strong interstitial pinning centres for the vortices between defects due to the repulsive
interactions. AD shape, size and period therefore, has a great consequence on both the
vortex and interstitial vortex pinning.
While blind ADs are seemingly the same in shape to fully etched holes, the effect to
the vortex lattice is entirely different. As the flux may now exist within the defect, the
ideal Abrikosov vortex lattice will incur less distortion. Instead the entire defect region
corresponds to an area of decreased superconducting potential, and, therefore, increased
pinning. Blind ADs, similarly, provide interstitial pinning between defects [179].
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Figure 3.5: AFM images for blind ADs including (a) boomerangs (B), (b) circles (C) (c)
squares (S), (d) triangles (T), (e) triangles with differing horizontal and vertical defect
periods (T2) and (f) representative plain film (P).

Visually represented in Figure 3.5 is the large size of the ADs used in this work, ∼3µm
diameter in this case. This is much greater then the ‘optimal’ AD region of 2ξ to λ (∼5–
∼200nm). The reason for large size of these defects being threefold; Firstly, very little
studies of defects this size have been conducted, whether Jc enhancement can be achieved
is unknown. Secondly, the large size of the defects has the potential to pin tens to hundreds
of vortices per defect. Lastly, features > 1µm allow the use of photolithography, rather
than electron beam lithography, which as a process is magnitudes quicker and cheaper. If
similar Jc enhancements, or other interesting superconducting features, may be achieved
with these large defects compared to the small scale counterparts the benefits to industry
are immense.
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Table 3.1: Volume statistics for all samples measured. Where Vtotal is the total volume removed from etching, V f ilm = 3750 µm3 and Dw is the area of the pinning wall.
Denotation of samples are taken from Figure 3.5.

Sample

Shape

Vhole
(µm3 )

Vtotal /V f ilm
(%)

Dw (µm2 )

T2B

3µm triangles 2 blind

0.46

0.61

0.90

T2

3µm triangles 2

1.14

1.52

2.25

TB

3µm triangles 2 blind

0.46

1.84

2.90

CB

3µm circles blind

0.94

3.76

3.26

SB

3µm squares blind

0.96

3.84

3.72

2µmT

2µm triangles

0.42

1.68

4.50

BB

5µm boomerangs blind

1.00

4.00

4.93

2µmC

2µm circles

1.01

4.05

5.34

2µmS

2µm squares

1.10

4.40

6.30

T

3µm triangles

1.14

4.56

7.25

C

3µm circles

2.35

9.40

8.17

S

3µm squares

2.40

9.60

9.30

B

5µm boomerangs

2.50

10.00

12.30

Table 3.1 shows the naming convention for the shapes, the volume per hole removed
for each shape of AD, as well as the total removed volume compared to the volume of the
entire film and finally the area of the pinning wall Dw discussed later.
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3.2.3.1

Comparison of fully perforated ADs and blind AD patterns

Figure 3.6: ∆Jc ([Jc (patterned film) - Jc (as grown film)] / Jc (as grown film 0T)) by
transport measurements of various ADs (a) and (b) and blind ADs (c) and (d) relative
to the associated plain film. The symbol in the legend indicates the shape of the defect,
being triangles T, circles C, squares S, boomerangs B, triangles with differing horizontal
and vertical defect periods T2. Tc ∼89K.

Shown in Figure 3.6 is the difference in Jc relative to the plain film, described by ∆Jc = (JcPatterned −
JcPlain )/JcPlain0T . Positive (negative) values of ∆Jc clearly indicate enhancements (degradations) to the Jc due to the introduced defects alone. Unless otherwise specified, all films
were ∼250nm thick on a 60µm width bridge and all AD patterns had a vertical and horizontal period of 10µm in a triangular array with the size of the shape indicated on the
figure legend. The blind patterns all consisted of a 30 minute etch which corresponds to
a hole depth of 100nm. Immediately obvious is the potential for broad Jc enhancement
using large scale defects. This already validates the use of photolithography and indicates
its potential for use in production of superconducting devices.
Complementary to the Jc enhancement/degradation is an AD shape/volume dependence. Particularly obvious in the case of 3µm ADs, the highest volume (boomerangs)
have the largest degradation, while the lowest volume (triangles 2) have the least. Decreasing volume further to use of 2µm patterns provides less degradation, or even Jc
enhancement. Although in this case the effect on Jc seems less dependent on the volume,
and not necessarily consistent with Ba . In the fully perforated hole pinning regime when
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the defects are >> λ , the size, rather than shape, of the AD is the dominant factor of
the effect on Jc . It is only towards this ‘optimal’ AD region whence a shape dependence
seems to occur. Extrapolation of results shows that the resolution limits of photolithography severely limit the usefulness of fully etched holes compared to the small defect
region.
Large scale partially etched holes, on the other hand, reveal a significant and broad
enhancement to Jc across a wide Ba . The largest of the shapes now represent the most
significant enhancement to the Jc , indicative of both a shape reliance and an independence
of the ‘optimal’ AD size. Interestingly, earlier studies showed that fully etched holes
were more effective pinning centres than the blind counterparts [55]. The case is clearly
reversed here, similarly to the greater effectiveness of blind channels compared to ADs by
refs [52, 58] albeit in Nb. A partially etched hole optimisation for YBCO needs to occur.
Another important point to make is the extra parameter introduced, being the depth of the
hole, which, in itself, has also not been optimised.
Although the temperature range is small (0.95Tc to 0.97Tc ) a general consistency between the results is observed. Defects of this nature can clearly be used in devices operating close to Tc . Without even optimising the AD currently, the use of photolithography
is already a viable method in conjunction with superconducting devices. As previously
mentioned, this is an immensely positive result to increase speed of production and decrease costs in an industry setting.
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Figure 3.7: Pinning force for patterned films at (a) 0.95Tc (b) 0.97Tc and their corresponding unpatterned films at (c) 0.95Tc (d) 0.97Tc . The unpatterned films in (c, d)
correspond to the patterned films in (a, b) by ADs (boomerangs - B, triangles - T, circles
- C, squares - S, triangles 2 - T2), Blind (boomerangs blind - BB, triangles blind - TB,
squares blind - SB, circles blind - CB, triangles 2 blind - T2B), 2µm T (2µm triangles
- 2µm T) and 2µm C/S (2µm circles - 2µm C and 2µm squares - 2µm S). Specific
description/image of abbreviations can be found in Figure 3.5 and Table 3.1.

An additional method of testing the superconducting parameters of a material is by
calculation of the corresponding pinning force (FP = Jc × Ba ) [82]. Figure 3.7 shows FP
normalised to the maximum FP of each pattern. While significant differences between the
FP is observed in Figure 3.7(a) and (b), this is almost entirely dependent on the pinning
properties of their corresponding plain films Figure 3.7(c) and (d). Within each YBCO
sample set defect shape dependence on the pinning properties can be seen by the slight
separation of the curves. However, no substantial difference between the field position
relative to the plain film is found. The differences between patterned and corresponding
plain films being ∼ ±10%, whereas changes between varying plain films are on the order
of ∼ ±200% One exception which shows a drastic difference to the rest is fully perforated boomerang hole at 0.95Tc (Figure 3.7(a)). This hole represents the largest volume
removed (∼2.5µm3 per AD) of all defects used and causes significant degradation of Jc
at 0.95Tc (Figure 3.6(a)). This Jc degradation corresponds directly to the poor FP properties of Figure 3.7(a), hence, can once more be attributed to the damage caused by large
volume removal.
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Figure 3.8: Etched shape dependence of the ∆Jc between the blind AD and the fully
perforated hole, i.e. ∆Jcdifference (%) = ∆Jcblind (%) - ∆JcAD (%). Abbreviations in legend
denote boomerangs - B, triangles - T, circles - C, squares - S, triangles 2 - T2. Specific
description/image of abbreviations can be found in Figure 3.5 and Table 3.1.

To determine the effectiveness of the fully perforated and the blind holes, the difference
is taken between the respective blind and AD shapes. That is, ∆Jcblind (%) - ∆JcAD (%) =
∆Jcdifference (%) and displayed in Figure 3.8, to somewhat reveal the depth dependence.
This shows how much more effective the respective blind shape is compared to the AD.
In all low to medium fields the blind hole is more effective at increasing Jc , once again
contrary to the effectiveness of small blind holes [55].
Figure 3.8 generally shows three distinct behaviours, again based on the amount of
volume removed. As expected, the biggest difference in effectiveness is displayed by the
B patterns. This is due to fact that it is the most effective blind pattern, and most degraded
AD pattern. The likely cause of this is the large volume removed of the AD causes a high
level of damage. On the other hand the BB provides an effective pattern for nano-wall
and internal defect vortex pinning [74]. While it would be easy to conclude an entirely
volume dependence occurs for the defects, this is clearly not the case. As observed with
the circles having the second highest ∆Jc difference, but the third largest volume removed.
Interestingly, the larger the degradation in Figure 3.6(a) and (b), the larger appears to be
the enhancement in Figure 3.6(c) and (d) which leads to the biggest ∆Jc difference in
Figure 3.8.
Also of interest is the apparent reversal of effectiveness between defect types in Figure 3.8 at higher fields. Once the film is saturated with vortices the steeper pinning well
of the deep AD wall overcomes that of the blind holes, perhaps in a similar way to the
much smaller previously recorded AD cases [55]. Very similar results are obtained between 0.95Tc and 0.97Tc , however, the reversal of this defect type effectiveness occurs at
a higher Ba for the lower temperature case.
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3.2.3.2

Comparison between magnetic and transport measurements

Figure 3.9: Comparison of the two measurement techniques, ‘trans’ - transport and
‘mag’ magnetic, for (a) 2µm and (b) 3µm ADs. In both (a) and (b), ∆Jc = [Jc (patterned
film) - Jc (as grown film)] / Jc (as grown film 0T). Abbreviations in legend denote triangles - T, circles - C, squares - S. Specific description/image of abbreviations can be found
in Figure 3.5 and Table 3.1.

For a better understanding of the effect large ADs incur onto a YBCO thin film, magnetic
(mag) and transport (trans) measurements have been performed. Indeed, samples with
fully perforated AD patterns can be expected to respond differently to magnetic measurements [180], which may produce meaningful signals even for granular samples, and to
transport measurements, which favour structurally continuous samples with continuous
current paths. In addition, while either method may give an accurate value for Jc , certain
considerations of electric field criteria used for different types of measurements may be required [82]. Obviously, different electric field criteria used in magnetic and transport measurements assume different degrees of vortex motion involved, generating energy losses
[82, 181]. Different vortex motions can be exacerbated by vortex creep and thermally
activated flux flow [182–185]. Dynamics of vortices interacting with ADs and blind holes
are also expected to be quite different, hence dissipation involved, corresponding electric
field criteria, and respective measurement type can respond differently to samples having
ADs and blind holes. Finally, slightly differing directions of the Lorentz forces with respect to some AD shapes may be considered. Trans measurements induce a Lorentz force
perpendicular to either the top or bottom of each shape. On the other hand, the circulating current around the entire square film during mag measurements directs the vortices
toward the centre. In a regular triangular array like that seen in Figure 3.5, vortices would
experience a Lorentz force orientated at every point around the shape. All these effects
together potentially can cause a notable difference between the two measurement types.
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Both measurements types are restricted in the temperature range that they can measure
(mag measurements need a high signal, therefore lower temperature, the trans experimental set-up is limited to ∼ 100 mA to avoid excessive heating, thus require to be close to Tc ).
Due to this, the comparison temperatures are 0.87Tc (77 K) for magnetic and 0.97Tc for
transport. Further differences are expected between these temperature ranges, however, a
qualitative comparison may prove being useful.
The ∆Jc curves between the respective measurement types correlate very strongly in
both magnitude and shape for 3 µm patterns (Figure 3.9(b)), but not for the 2 µm patterns
(Figure 3.9(a)) with the ∆Jc being approximately the same between trans and mag measurements only above ∼ 0.05 T. Aside from a slight change in magnitude in Figure 3.9(b),
the only apparent difference is the large separation in ∆Jc between the patterns for the mag
measurements. The trans measurements on the other hand show a fairly close grouping
in ∆Jc across all Ba .
The circular hole 3 µm sample in Figure 3.9(b) degrades the most upon magnetic measurements even though they do not have the largest volume removed (2.35 µm3 compared
to 2.40 µm3 of a square). This suggests that there is an AD shape dependence, more than
just due to AD volume removed.
One shape dependence explanation may be due to triangle and square ADs both having
straight edges, which might present more of a pinning barrier for the vortex to overcome
compared to circular ADs. Circle hole circumferences would always allow a tangential
component of the Lorentz force to exist allowing vortices to slip around more easily regardless of the current path upon magnetic or transport measurements. This would mean
the circles would be consistently worse pinning sites for all sizes. One apparent exception
for 2µm C measured by transport occurs at low field range (<0.02 T) where pinning plays
a less important role than current flow transparency [186, 187].
Slight discrepancies between measurement types, especially in low fields, are likely
the result of these different measurement modalities discussed above in these fully perforated samples. Overall, mag measurements show consistently lower ∆Jc than the trans
measurements. This is likely due to both difference in the respective electric field criteria [82] and different measurement temperatures. However, it is currently impossible
to completely disentangle these influences. When designing superconducting devices it
becomes clear that optimisation of AD positions is important to consider depending on
the modality used or device created (e.g. superconducting bridge or pick-up loops [188]).
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Figure 3.10: Comparison of trans measurements for 2µm ADs against mag at (a) 77K
and (b) 10K and for 3µm ADs against mag at (c) 77K and (d) 10K using a reduced
applied magnetic field. In all (a) to (d), ∆Jc = [Jc (patterned film) - Jc (as grown film)] /
Jc (as grown film 0T). Abbreviations in legend denote triangles - T, circles - C, squares S. Specific description/image of abbreviations can be found in Figure 3.5 and Table 3.1.

Comparison between the trans and mag measurements as well as an examination of
the temperature evolution of films patterned with ADs is shown in Figure 3.10 in regards
to a normalised field, Ba /(1 − T /Tc )1.6 ∝ Birr , where Birr is the irreversibility field. In
theory using a normalised field accounts for the temperature dependence of Jc (Ba ), so
that a better comparison should be made between the two measurement types compared
to Figure 3.9. Besides 2µm triangles, the other samples (3µm triangles and 2µm/3µm
circles and squares) appear to have a much closer match between the trans and 10K
mag measurements. This result is somewhat unsurprising if the normalised field does
give an accurate representation of Jc (Ba , T ) and if normalisation factors the pinning behaviour/mechanism. In this case the much stronger signal of the low temperature mag
measurements are much less susceptible to outside factors such as the changing irreversibility field due to the much lower volume of the patterned, compared to the plain
film. Remembering also that these results show the difference to the plain film bringing even more random noise potential, particularly at higher temperatures. From these
measurements it can be said that large ADs are well described by either trans or mag
measurements, particularly when by using a normalised field a good comparison between
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these measurement types can be reached.
3.2.3.3

Consideration of vortex pinning by ADs and blind ADs

Figure 3.11: The effect of pinning wall depth on ∆Jc ([Jc (patterned film) - Jc (as grown
film)] / Jc (as grown film 0T)) at 0.95Tc (a) and (c) and 0.97Tc (b) and (d). Abbreviations
in legend denote boomerangs - B, triangles - T, circles - C, squares - S, triangles 2 T2, boomerangs blind - BB, triangles blind - TB, squares blind - SB, circles blind - CB,
triangles 2 blind - T2B, 2µm triangles 2µm T, 2µm circles - 2µm C and 2µm squares
- 2µm S). Specific description/image of abbreviations can be found in Figure 3.5 and
Table 3.1.

To explain the different pinning effectiveness between the different types and shapes of
AD defects, ∆Jc was plotted as a function of the etched defect wall area (Dw ) calculated
for each AD defect (Table 3.1) in Figure 3.11. The Dw value is given by a corresponding
circumference multiplied by the depth of the AD or blind defect. The reasoning for Dw
being that the majority of additional vortex pinning which occurs due to the artificial
defects is at the junction between the etched and non-etched regions. For instance the
Dw of sample S would be 3.1 µm (optically measured length of one side) × 4 (sides) ×
250 nm (etched depth) × 3 (ADs) = 9.30 µm2 , whereas the Dw of sample SB would be
3.1 µm × 4 × 100 nm × 3 = 3.72 µm2 . The junction between the etched and non-etched
regions being the area of additional nano-wall pinning [74]. The obtained values for Dw
are given in Table 3.1 in order of increasing Dw . In Figure 3.11(a) and (b), the ∆Jc (Dw ) is
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shown at different Ba values, which displays a similar trend at all the field values with the
magnitude of the ∆Jc suppressed towards 0% at higher fields.
As expected, removing a very small volume of the superconductor (T2B) has least
enhancing effect on the Jc in the superconductor compared to the corresponding plain film.
On the contrary, removing relatively large volumes (all fully perforated 3 µm patterns and
5 µm B) causes a large Jc degradation relative to a plain film rather than enhancement.
T2 has fully perforated AD pattern, however, the full perforation is counterbalanced by a
relatively small number of ADs in this pattern, so that its ∆Jc ≃ 0%.
Between T2 and 2µmS, there appears to be the optimal region of the AD wall area
with Dw being between ∼ 2 µm2 and ∼ 6 µm2 . This optimal AD defect wall area region
appears for defects that have much greater size than the “optimal” (≃ λ , the magnetic field
penetration depth) vortex (or/and flux) pinning [17, 18, 186, 187], which may generally
complement the ξ -optimal vortex pinning.
Further emphasized in Figure 3.11(c) and (d) are the two main factors of the defects
dependence on ∆Jc , being the pinning AD wall area, as well as, the geometrical shape of
the AD defects. Within Dw of ∼ 2 µm2 to ∼ 6 µm2 , the shape of the defect becomes
the dominant factor affecting ∆Jc . In this region, samples TB, 2µmT and BB are more
effective than CB, SB, 2µmC and 2µmS. This shows that Jc in the patterned samples
is not entirely determined within Dw , perhaps also being dependent on the angle of this
defect wall to Lorentz force direction. In general, triangles have the highest surface area
to the volume ratio, meaning that samples T and B, for instance, have the most additional
pinning regions compared to the volume which has been removed of the patterns measured. This implies that removing the least amount of YBCO with already huge number
of growth pinning defects [12, 13, 34, 71], while adding the additional pinning AD wall
area, is the main guiding principle for choosing the shape, size and type of AD patterns.
The fact that an optimal region of Dw exists should not be underestimated. The entirely
different pinning mechanisms between large blind holes, where vortices exist within the
hole, and large fully perforated ADs, where vortices cannot exist inside, should be appreciated. Furthermore, the size of the individual defect of T and T2 is the same, however,
with the increased vertical period of T2 the value of Dw is reduced to below 6 µm2 and
enhancement to Jc [16, 168] can occur. This is opposed to T where Jc is consistently
reduced (Figure 3.11).
The fact that the blind holes and the ADs show approximately the same ∆Jc (on average) as long as they are within the optimal Dw region is extremely useful when designing
further defect experiments and defect patterned devices. It appears that the individual
defect (shape, size and type) is less important than their entire pattern, which renders a
significantly simplified path of their manufacturing for the resolution dependent fabrication equipment.
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3.2.4

Summary of the effect ADs induce in a YBCO thin film

Fully and partially etched AD structures have been successfully implemented in YBCO
thin films through the use of photolithography and ion beam etching. These AD structures
have been characterised by both theoretical and experimental studies. Observed experimentally was the potential to increase the Jc of the YBCO via vortex pinning around the
AD. Furthermore, a relationship between the etched wall thickness and effect on the Jc
was established. The defect relationship provides the necessary requirements for optimal
volume removal in superconducting devices.

3.3

Superconducting ratchets for asymmetrical critical
currents

3.3.1

Introduction to superconducting ratchets

The ratchet effect, explained in Section 1.1.2.4, is an asymmetric response to a current,
caused by differing pinning potentials. The ratchet effect has been proposed for superconducting diodes and transistors, however, there are many other potential applications.
This includes vortex removal to reduce noise in superconducting quantum interference
devices (SQUIDs), separating particles, designing molecular motors, smoothing surfaces,
and rectifying voltage in Josephson junctions [68, 69].
3.3.2

Ratchets using antidots

The first superconducting ratchet investigated was induced by the use of ADs. In similar
conditions to the ADs investigated earlier, 60µm wide bridges were patterned with 3µm
triangles in a 10µm period triangular array. The only difference between the samples
displayed in Figure 3.12 is the depth of the hole, one being fully etched and the other blind
(100nm deep). The induced ratchet here is a product of the asymmetrical triangle, with
the base and the apex causing different vortex pinning, shown in inset of Figure 3.12(b).
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Figure 3.12: Current rectification in YBCO by applying blind (TB) and fully perforated
(T) triangles. (a) the direction dependent Jc of the TB sample with a high order polynomial fit as a guide to the eye. (b) the difference between the current directions for
both samples is given by Jc Difference = (Jc− - Jc+ ) / Jc+ . Inset shows the origin of the
asymmetrical pinning potential of a triangular defect.

Example of the field/current dependence of Jc can be observed in Figure 3.12(a) for
the blind hole case. Clear preferential current direction (therefore ratcheting) is observed.
This effect is further emphasised in Figure 3.12(b) by taking the difference between positive and negative current directions, with % based on Jc+ (0T). In both defect types the base
of the triangle acts as a stronger pinning source than the apex. However, quite obviously
the blind defects are much more effective at rectifying the current, with the fully perforated holes showing almost zero ratcheting. This is confirmation of the results displayed
in Figures 3.6 and 3.11, where the 3µm fully etched holes had no shape dependence,
instead seemingly relying entirely on the volume removed. Whilst there may be slight
differences in the pinning strength of the base/apex of the triangle, the volume of this
defect is dominating the effect on Jc . On the other hand, the observed blind hole shape
dependence in Figures 3.6 and 3.11 is confirmed by the strong ratcheting in Figure 3.12.
It is important to note that the overall ratcheting direction is additionally highly dependent
on the geometry of the AD array [67].
3.3.3

Ratchets created by YBCO surface height modification

While the ratcheting is clearly observed in Figure 3.12, the result is noisy and the operational field only extending to around 0.1T. The main factor affecting the current ratcheting
magnitude being the density limit of artificial defects added to the film. In the case of Figure 3.12 only 3 triangles are seen across the width of the bridge. On the other hand, the
YBCO itself has naturally strong growth pinning, shown by the extremely high Jc , with
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linear defects having a density of ∼50–∼100µm−2 [189]. Furthermore, the predominantly columnar defects of YBCO have thickness dependence on the pinning potential,
expressed in Equation 1.8. In theory a superconducting bridge which continually changes
in thickness across its width will produce a varying pinning potential bridge, i.e. a ratchet.
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Figure 3.13: (a) YBCO thin film half covered in photoresist. (b) Result of angled ion
beam etching. (c) AFM image of ramp created by lithography and angled ion beam
etching. Rectangle shows the area which is has a second lithographic definition and
perpendicular etch to create the ramp bridge in (d).

To create this ramp bridge, a 200µm×200µm square is defined in photoresist in the
centre of a plain film (Figure 3.13(a)). Angled ion beam etching, with beam angle at 80◦
relative to the film surface, is used to produce the ramp seen in Figure 3.13(b) and (c).
In this picture, the high yellow region is the YBCO protected by the photoresist, the red
region is fully etched substrate and the junction between these the ramp created by the
beam angle/photoresist mask. After this, the bridge and contacts are defined once more
using photolithography and a perpendicular etch. The defined bridge in this case being
3µm–5µm, represented by the rectangle in Figure 3.13(c). The final bridge is displayed
in Figure 3.13(d). As is often the problem with this work, the displayed ramp only starts
approximately halfway across the bridge, dramatically reducing the effect of the ramp.
This occurs due to the impossibility of aligning the ramp and photoresist bridge with the
current resolution limits, a more precise technique is needed.
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up

Figure 3.14: Current rectification ((Ic − Icdown )/Icmax ) at 77K in a YBCO ramp, with the
error bars given by repeat measurements. Solid line is a guide to the eye. Inset shows Tc .

The first noticeable feature of the ramps is the low value of Tc as can be seen in the inset
of Figure 3.14 by the onset of the resistive state at ∼83K. Tc of the as deposited film was
not measured but expected to be of the similar high quality as all other thin films investigated in this work, i.e. of about 90 K. The poor Tc of the ramp is likely due to the etching
method, which is discussed later. The substrate used for this sample was STO, which unfortunately becomes conductive when exposed to Ar ions. Shorting between contacts, as
well as poor Tc , meant only minimal measurements were taken for this particular sample.
Furthermore, due to the short-circuited contacts an Ohmic resistance path is introduced
into the data even while the YBCO is superconducting. This short-circuit effect as well
as the very small superconducting volume caused the data to be noisy, nevertheless, a difference in Jc from current polarity (ratcheting effect) is observed. While the magnitude of
the current difference is quite small, likely dampened from the plateau region, the ratchet
is still operating up to 0.1T. This suggests that proper ramp preparation would lead to an
effective ratchet.
A similar ramp to that imaged in Figure 3.13 was prepared, with the measurements
given in Figure 3.15. The inset of Figure 3.15 reveals the onset of the resistive state is
measured at a low Tc of∼83K.
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Figure 3.15: Current rectification ((Ic − Icdown )/Icmax ) in a second YBCO ramp, with the
error bars given by repeat measurements. The solid line is a guide to the eye. Inset shows
Tc .

While the data in Figure 3.15 is also quite noisy, an effective superconducting ratchet
is observed. Very similar effect appears between the 3 temperatures measured up to 0.1T.
At 70K and 77K the ratchet is still operating at Ba >1T. The absolute magnitude of the
ratcheting also appears to be dramatically affected by the plateau region and/or ramp
etching process. However, the large magnitude of Ba in which the sawtooth ratchet will
operate in compared to the AD produced ratchet in Figure 3.12 shows the great potential
in this system with optimisation.
Attempts to improve the signal to noise ratio and rectification of the bridges include increasing YBCO thickness and changing the etching technique to that in Figure 3.16. The
new ramp procedure defined the bridge first before attempting angled ion beam etching.
However, both increasing thickness and changing procedures lead to null results, suggesting that defining a single ramp bridge at the resolution limit of the equipment is not going
to work effectively. Instead many ramp bridges were connected in parallel as shown in
Figure 3.18.
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Figure 3.16: Schematic diagram of (a) Single YBCO bridge with adjacent photoresist.
(b) Creation of YBCO ramp by angled ion beam etching. Optical images describing
schematic (c) Bridge is first defined by lithography. (d) Photoresist mask is created next
to bridge followed by angled ion beam etching. (e) Photoresist is removed to reveal a
ramp bridge with no plateau.

The null result (no full superconducting transition) obtained by changing the ramping
method is easily explained by Figure 3.16. Based on simple geometry, the base of the
ramp should start at (photoresist height)×tan(incident angle normal to sample surface) =
1.3µm×tan(80◦ ) = 7.37µm, and assuming a 250nm etch, should reach the thickest point
of the ramp at 1.05µm×tan(80◦ ) = 5.95µm from the edge of the photoresist. The gap
between the photoresist and the bridge was purposefully made ∼5µm so that this ramp
would occur perfectly on it. However, the images in Figure 3.16(d) and (e) clearly show
the ramp starting at the edge of the photoresist, and ending before the start of the bridge
itself. Several potential explanations arise from this unexpected phenomenon. The etch
rate of the photoresist may vary vastly from that of the YBCO, so that little resist remains
to mask the ion beam, ions may be backscattered from the side of the YBCO bridge ions
may be tunnelling through the photoresist, or some combination of these.
Further clarification of this etching effect is revealed from profilometry in Figure 3.17
before and after removing the photoresist (after angled etching). First important point is
the fact that the photoresist is not greatly reduced, certainly not to the point of having no
shadowing effect. Secondly, the ramp does indeed begin at the exact edge of photoresist,
confirming the optical images of Figure 3.16(d) and (e). Lastly, gap between the photoresist appears to be ∼8µm. This may have increased slightly due to side etching, but still
likely greater than the extension of the ramp from basic geometry considerations. Hence
explains the null result in this case.
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Figure 3.17: Profile on an etched ramp before and after removal of the photoresist
shadow mask.

A final point to make regarding the experimental ramps as a whole is that these were
not one-off experiments, but the best produced from the culmination of many attempts.
In both procedures, either etching the ramp then making the bridge, or etching the bridge
then making the ramp, photolithography was attempted many times until the ‘best’ ramp
was achieved. Even after this, the ‘best’ produced ramps start halfway across the bridge
or may not be on the ramp at all. Aligning the bridge to be exactly at the start of the ramp
or next to the bridge without any rotation is simply not possible. This shows the severe
technological disadvantages of the resolution limits. While a significant ratcheting can be
produced with a large effort, the absolute current ratcheting could be magnitudes larger
with more sensitive creation techniques.
3.3.4

Ratchets created by YBCO surface modification into sawtooth profile

As just mentioned, a YBCO ramp makes an effective superconducting ratchet. However,
with current available technologies this becomes almost impossible to create. Instead,
some rectification effectiveness is sacrificed in favour of a less noisy and higher efficiency design, while still utilising optical laser lithography. This occurs by changing to a
sawtooth shaped design, the origin of which is explained in Figure 3.18.
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Figure 3.18: (a) Origin of the sawtooth shape from use of a photoresist shadow mask.
Black/Red lined regions indicate the already etched YBCO/photoresist material respectively. Depending on required configuration/etch time, sawtooth can be set to a single
(b) or parallel (c) bridges.

The benefits of using the sawtooth design over the single ramp design (Figure 3.16)
include;
≻ Multiple sawtooth may be joined on a single bridge Figure 3.18(b) or in parallel
Figure 3.18(c) by having multiple photoresist shadow masks.
≻ There is no obvious limit to the amount of sawtooth, with this once more becoming
a resolution issue depending on the intended bridge width.
≻ If the superconductor will be etched to the substrate (as in Figure 3.18), a single
angled etch step can define the sawtooth ratchet and the measurement bridge.
≻ The bridge itself is much larger and easier to resolve in photolithography.
if not the bridge itself becomes much larger and easier to resolve in photolithography
and multiple sawtooth may be joined on a single bridge Figure 3.18(b) or in parallel
Figure 3.18(c) by having multiple photoresist shadow masks. There is no obvious limit to
the amount of sawtooth, with this once more becoming a resolution issue depending on
the intended bridge width.
Table 3.2 displays the properties and nomenclature of the different types of samples
created by varying the width of the mask or the gap between the photoresist masks. The
nomenclature is defined by the gap between adjacent sawteeth (G), the width of the individual sawtooth bridge (W) and the number following G or W the corresponding value in
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µm. As an example G2W5 in Table 3.2 represents a sawtooth sample with 2µm between
sawteeth which are 5µm wide. High density samples (width below 10µm) used a bridge
that was 200µm wide, while samples with width > 10µm utilised a 400µm width bridge.

Table 3.2: Description of the different types of sawtooth samples created in the ‘Sawtooth Ratchets’ section. The labels represent gap between adjacent sawteeth (G) and
width of bridge (W), with the number following G or W the corresponding value in µm.

Sample
G2W2
G2W3
G2W4
G2W5
G6W2
G8W2
G10W2
G20W2
G50W2
G100W2

50µm

Gap between
masks (µm)
2
2
2
2
6
8
10
20
50
100

Width of
mask (µm)
2
3
4
5
2
2
2
2
2
2

Tc start (K)

0Ω (K)

Teeth

60
90
91.5
91.5
90.5
93
93.5
93.5
93.5
93.5

N/A
N/A
N/A
N/A
N/A
90
86.5
88.5
82.5
84.5

50
40
33
29
25
20
33
17
7
3

1µm

(a)

1µm

(b)

(c)

Figure 3.19: (a) SEM image of the entire 200µm sawtooth pattern. TEM images of (b)
Individual and (c) sawtooth bridge connected to adjacent sawteeth on the left and right
of the image.

The first sawtooth samples created took the form of Figure 3.18(b), where each individual tooth is connected, and a second perpendicular etch was required to define the
measurement area. An example of this is shown by Figure 3.19 for a sample which had
2µm wide photoresist masks and a gap of 6µm between them. The SEM image in Figure 3.19(a) reveals a consistent and continuous pattern across the length and width of
the sawtooth. In this top down image the vertical black strips are the plateaus, with the
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lighter regions in between these the ramp. Transmission Electron Microscopy (TEM) in
Figure 3.19(b) and (c) shows the cross sectional characteristics of the samples. A clear
long and short ramp can be seen, as well as a large plateau area, the result of the photoresist mask, conforming with the expectations of Figure 3.18. Figure 3.19(b) in particular
shows large pinhole type defects on the surface of the YBCO extending to, or near, the
substrate. These defects themselves act as strong vortex pinning centres, being ∼100nm–
∼200nm in diameter. However, in regards to ratcheting these are an inconvenience as
they act opposed to the thickness dependent pinning strived for. Whilst negative rectifying contributions, e.g. the short ramp, from these pinholes may not occur, they will likely
reduce the ratcheting effectiveness by increasing the overall Jc in conjunction with the
plateau. Figure 3.19(c) exhibits the connection between adjoining sawtooth ratchets. The
patterning can be considered near ideal case, with the YBCO decreasing continuously to
very thin values (∼20nm) before increasing once more at the short ramp of the adjacent
sawtooth. Under operating conditions a penetrated vortex would have the potential to flow
across this 200µm patterned area.
The sample descriptions for Figure 3.20 and are explained in Table 3.2. For all sawtooth
samples the incident angle beam was slightly more perpendicular, compared to the ramp
samples, at 75◦ to the normal. This was changed to marginally reduce the tendency of
photoresist side etching, hence diminish the impact of the shorter ramp. Although this
also lowers the volume of the longer ramp compared to that of the plateau region.

Figure 3.20: (a) Resistance of several sawtooth samples in a semi-logarithmic scale.
Axis break at 10Ω to view 0Ω. (b) Data from (a) normalised to the resistance at 100K
and displayed linearly. Symbols in legend indicate gap between adjacent sawteeth (G)
and width of the sawtooth bridge (W).

Opposed to the displayed sawtooth in Figure 3.19, the original sawtooth design was
G2W2, meaning a gap of 2µm and a width of 2µm. This design was based on a combi76

3.3. SUPERCONDUCTING RATCHETS FOR ASYMMETRICAL CRITICAL
CURRENTS
nation of the limits of photolithography, plus a maximisation of sawtooth density. High
density samples (width below 10µm) used a bridge that was 200µm wide, while samples
with width > 10µm utilised a 400µm width bridge. For sample G2W2 this means 50
individual sawteeth.
As can be seen in Figure 3.20(a) for G2W2, is the extremely high resistance, > 10kΩ
and no superconducting state, but possibly a partial transition. As the ramp ratchets previously had a full superconducting transition it is unlikely the angled etching itself causing
the degradation. Rather, this superconductivity destruction must be caused by the different masking techniques. The difference in which is the introduction of the ion beam to the
left side of the mask in Figure 3.18. This opens up two possible sources, relative to the
ramp mask technique, of ion contamination/penetration from the side or backscattering
from the adjacent photoresist mask. To test each possibility individually the process displayed by the grey arrows in Figure 3.20(a) is used. Namely, increasing the width of the
mask to reduce edge contamination whilst still enduring back scattering, or increasing the
gap between masks to remove back scattering but receiving the same edge contamination
as G2W2.
The first of these processes (increasing W) has a somewhat noticeable impact on the
bridge quality. From Figure 3.20(a) a clear trend in reduction of resistance with increasing the mask width is observed. While Figure 3.20(b) reveals both an increase in initial
superconducting transition temperature and depth (closer to 0Ω). While etching of the
film surface has previously been shown to lower the Tc [190], a 5µm wide mask can
be reasonably expected to be outside the ion beam penetration range. Suggesting that
edge contamination is not the major source of degradation. Furthermore, the initial 2µm
mask was selected to minimise the plateau region, with an expectation to reduce this further with improved technology. Using a mask of 5µm or greater causes the width of the
plateau to be > than the ramp itself, so that this region has a much greater volume. In
doing so would almost completely abolish the potential sawtooth ratchet effect. Due to
this, further increasing the mask width is not feasible, instead the backscattering effect
must be investigated.
The second process (increasing G) has a profound effect on the bridge quality. What
first needs to be mentioned is the backscattering length. Assuming elastic scattering on
a perfectly vertical mask wall, then the backscattered length estimate is (photoresist +
film thickness) × tan(ion beam incident angle) i.e. (1.55µm) × tan(75◦ ) = 5.8 µm. Because the scattering wall is not perpendicular to the substrate, it is likely the backscattered
length would be even larger. From Figure 3.20(a), the resistivity of the bridge is seen to
dramatically drop moving from G2W2 to G6W2 as the backscattered damage is lessened.
However, a full Tc still does not occur. Increasing the gap further to 8µm puts the adjacent
tooth outside this scattering range. While the resistance does increase, as expected – less
bridges infers less conducting volume, a full superconducting transition now occurs. It is
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clear that backscattering is the major source of the YBCO degradation for these sawtooth
samples.
It seems that the critical mask gap separation is between 6µm–8µm, however, it is
important to note that for G8W2 the long ramp itself still sits within this backscattered
region. Due to this the sample showed no significant current rectification. The gap was
further widened to move the ramp outside the scattered zone also. Although, increasing
this gap adds additional problems. Firstly the wider the gap the less sawteeth, hence,
dampening the ratchet. To fix this the bridge width was increased to 400µm. Secondly,
aside from the plateau beneath the mask an additional plateau exists between the ramp and
adjacent short ramp, once more reducing any rectification effect. Due to this the second
sawtooth method, described in Figure 3.18(c) is used so that the samples are measured in
parallel. The resistance characteristics can be observed in Figure 3.21.

Figure 3.21: (a) Resistance of several sawtooth samples created via the method in Figure 3.18(c). (b) Data from (a) normalised to the resistance at 100K. (c) Results displayed
by multiplying by the amount of sawteeth for each sample to make data ∝ resistivity.
Symbols in legend indicate Gap between photoresist masks (G) and Width of the photoresist mask (W).

Unsurprisingly, but importantly, all sample types with gaps wider than the proposed
critical gap exhibit a full superconducting transition. This further confirms the conclusions above and existence of a critical gap derived from backscattering. Figure 3.21(a)
shows the expected result of resistance dependence on total sawteeth. While Figure 3.21(b)
and Table 3.2 shows that the start of the superconducting transition occurs at the same
point. This is an unsurprising result as the bridges were created on the same film, however, a general trend of decreasing zero resistance temperature with less teeth is also
observed. This is simply a function of the probability of making high quality thin bridges,
higher density is preferred in any case. With the low density sawtooth samples a bleeding
out of resistance is observed with the 0Ω state not obtained till 82.5K in one case. This
may give an insight to the poor Tc in the ramp samples, suggesting an angled etch does
effect the YBCO surface somewhat. As the dimensions of each tooth is the same between
samples, multiplying by the amount of sawteeth gives a value proportional to the resistivity ρ. Interestingly in doing so the result is somewhat reversed in Figure 3.21(c) to that of
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Figure 3.21(a).

up

Figure 3.22: Current rectification ((Ic − Icdown )/Icmax ) average in sawtooth samples at
0.8Tc and 0.9Tc . Error bars show standard deviation between samples.

Taking the average current direction dependent Ic difference for the superconducting
sawteeth from Figure 3.21 gives the ratchet effect in Figure 3.22. Comparing the ratchet
effect produced by a sawtooth sample (Figure 3.22) to the ramp samples (Figures 3.14
and 3.15) reveals a lower magnitude but much cleaner graph. Both these results being
expected with the shorter ramp working in opposition to the more effective long ramp reducing the overall ratchet and the many bridges in parallel averaging, therefore, smoothing
the result. Another noticeable feature in Figure 3.22 is the temperature dependence. The
higher temperature starts off more effective before crossing at ∼0.05T and finally stops
working at ∼0.075T. Measuring at 0.8Tc reveals a less effective low field ratchet, but this
extends up to ∼0.7T. This applied field is lower to the potential operating field of a ramp
ratchet, but with the sawtooth being much easier to manufacture and still working up to
a reasonably high field preference becomes device/operation specific. Comparison to the
AD ratchets in Figure 3.12 shows that the sawtooth ratchet is less effective in magnitude
(a product of the plateau region) but operate to a much higher Ba . In terms of outside
published work, a ratchet effect produced by relatively large triangle ADs in YBCO thin
films [66] has the maximum operating field for their ratchet effect between ∼ 0.07T at
0.86Tc and ∼ 0.15T at 0.56Tc , assuming a Tc of 90K for their samples.
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3.3.5

Calculations of vortex ratcheting induced by ramp potential

A theoretical study of the ramp/sawtooth systems was undertaken to further understand
the mechanisms and was introduced in Section 1.1.3. Using the pinning model for YBCO
thin films [13, 23, 81, 82] (Equation 1.9), in conjunction with a thickness dependent
pinning potential (Equation 1.8), a value for current imbalance can be obtained. This
quantitative model is based on the actual pinning in thin films [13], and takes into account
thermal activations [23]. The model provides accurate Jc (Ba , T ) dependence that matches
the experimental behaviour over the entire magnetic field (up to Birr ) and temperature
ranges [23, 81, 82]. The Jc model assumes the pinning in YBCO is dominated by dislocation defects which are situated along domain walls. The columnar defect pinning type in
YBCO give a pinning potential of the form Equation 1.8, where a linear dependence on d p
(the depth of the pinning well/defect) occurs. In thin films these defects generally extend
the entire film thickness and, hence, d p can also be assumed to be the sample thickness.
The thickness dependence of the pinning potential extends to a thickness dependent Jc as
in Equation 1.9.

Icn

Ic3

Ic2

Ic1

End height
250 nm

Plateau

150 nm
100 nm
1.5 µm
0 nm

0.5 µm

2.5 µm

Figure 3.23: Dimensions of a sawtooth used for Ic calculations. Schematically represented are one vortex on the short and three vortices on the long ramp to illustrate the
calculation algorithm used.

The general calculation algorithm of the ratchet effect (schematically highlighted in
Figure 3.23) in this work is as follows.
(i) A magnetic field is set and vortices are evenly spaced throughout the bridge with the
inter-vortex spacing a0 ≃ (Φ0 /Ba )1/2 , determining the step size of each Ic calculation
and the vortex-vortex interactions.
(ii) The first calculation (Equation 1.9) for vortices moving down (i.e. to the right) occurs
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at the thin end of the long ramp in Figure 3.23. The calculation starts by determining Ic1
for the entire sawtooth bridge cross-section, i.e. all of the material is superconducting.
Note, each calculation is carried out for only one sawtooth bridge, assuming the same
result for every sawtooth in the structure of one certain geometry.
(iii) After reducing the area (by subtraction as the material is no longer superconducting)
of the cross-section by the area of one calculation cell on the right with the cell area determined by the a0 (Ba ). The area of one cell for each geometry of the ramp (generally
a modification of the end height) is schematically shown (Figure 3.23) by the traversing
vortex at the location Ic1 and the circumference of the ramp on the right from it. Obviously, due to a lower potential on the right due to the thinner ramp section (Equation 1.8),
this area would gain the resistive state first due to moving vortices sliding off the ramp.
(iv) This calculation provides Ic1 with the superconducting current redistributed throughout the rest of the cross-section less the area of this cell.
(v) If Ic1 < Ic2 , which would mean that Jc2 > Jc1 because of the larger overall thickness in
the remaining structure, then the area of the cross-section is now subtracted from the area
of two cells on the right from the vortex at Ic3 (Figure 3.23).
Ic2 is calculated with the superconducting current redistributed now through the crosssection less the area of two cells. This is continued until a location is reached in which its
Ic(n+1) < Ic(n) , implying that Jc(n) > Jc(n+1) , so Ic(n) is set as Icdown in the right direction,
which is the end of calculation for the current flowing to the right.
Else, if Ic1 > Ic2 , then Ic1 is set as Icdown in the right direction, which is the end of calculation for the current flowing to the right.
up
(vi) To obtain the corresponding value of Ic for the opposite direction of the current flow,
that is for vortices moving up (i.e. to the left), the calculations are performed in the same
way with the exception of starting at the thin end of the short ramp, since vortices will
slide off from the short ramp side first creating a resistive state there. For this we repeat
steps (i) to (v), taking into account the corresponding cell size starting from the left of the
short ramp.
up
(vii) The so-obtained ratchet effect is then calculated by the Ic difference = (Ic −Icdown )/Icmax .
Calculation for the ramps are done in the same way without the short ramp displayed on
the left of Figure 3.23. Brief results for the sawtooth theorised in Figure 3.23 are displayed
in Figure 3.24.
Table 3.3: Parameters used for sawtooth simulations. Values adapted from [23, 81]

Ecr (Vm−1 )
10−4

r0 (nm)
1

d (nm)
32

ν (nm)
1.67

⟨L⟩ (nm)

ν0 (Hz)

ξ0 (nm)

λ0 (nm)

272

108

2

150

The constants used in the Jc simulations are displayed in Table 3.3. These values were
held constant for the entirety of the calculations.
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up

Figure 3.24: Calculated field dependence of Ic difference ((Ic − Icdown )/Icmax ) for different sawtooth end thicknesses at 0.8Tc (a) and 0.9Tc (b), and calculated reduced field dependence at different temperatures for sawtooth end thicknesses of 0 nm (c) and 200 nm
(d).

Modification of the ramp end height (Figure 3.23) varies the ratchet effect. The ramp
ends being 0 nm to 100 nm create the most effective ratchets with the largest difference
in Ic (Figure 3.24(a) and (b)). In general, the most effective end thickness for both temperatures is ≤ 50nm, which is most likely due to the most imbalanced pinning potential
created by the ramps with steepest slopes. The stronger variance of Ic difference for different end thicknesses at lower temperature (0.8Tc ) is expected due to a lesser effect of
thermal de-pinning, taken into account in Equation 1.9, negating the differences between
ramp pinning potentials for the higher temperature (0.9Tc ). In contrast, the smallest slope
obtained for the largest ramp end thickness (225 nm in Figure 3.24(a) and (b)), which
is only 25 nm smaller than the thickness of the initial film, the ratchet effect peaks just
below Birr (the field at which vortices de-pin and start moving). As a result, the relatively
weak ratchet effect becomes dominant. However, it degrades at lower fields at which the
effects of intrinsic pinning overwhelms the ratchet potential.
To determine how the ratchet effect changes with temperature, a reduced magnetic
field, defined as Ba /(1 − T /Tc )1.6 ∝ Birr for YBCO [191], has been used for the x-axis.
Two plots for the two extremes of ramp end thickness (0 nm and 225 nm) are displayed
in Figure 3.24 ((c) and (d), respectively). In both cases, higher temperatures result in a
stronger ratchet effect, in particular at low fields. The shape of the resulting curves of
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0 nm and 200 nm are completely different from each other. The exception to this is for
0.95Tc , where the 0 nm and 200 nm curves show the same relative shape.
This behaviour can be explained by two major competing pinning potentials in the
calculations (Equations 1.9, 1.8): the intrinsic dislocation network pinning potential for
PLD YBCO films and the imbalance of these potentials in the ramps due to varying thickness (Equation 1.8). At high temperatures, the ramp potential would dominate, providing
larger Ic difference due to the ratcheting (Figure 3.24(c) and (d)). At low temperatures, the
intrinsic dislocation pinning dominates, reducing the imbalance effect of the ramps. The
thinner the ramp end, the more significant its potential is compared to the intrinsic dislocation pinning potential (Figure 3.24). The thicker the ramp end, the stronger the influence
of the intrinsic dislocation pinning, negating the ratchet effect of the pinning potential of
the ramps. Indeed, for 200 nm ramp end thickness the Ic difference is approaching to
zero (Figure 3.24(d)), until the high temperature flattens the intrinsic dislocation potential
leading to substantial Ic difference for T > 0.9Tc . The ratcheting converges to zero as the
sawtooth end approaches 250 nm, i.e., rectangle cross-section bridges.
This temperature influence can also be seen in Figure 3.24(a) and (b). The Ic difference
at the lower temperature (0.8Tc ) is more evenly dependent on the end thickness. At the
higher temperature (0.9Tc ), a stronger effect of thermal depinning, taken into account
in Equation 1.9, negates the effect of the intrinsic pinning in YBCO films, making the
differences between the short and long ramp potentials the dominant factor in affecting
the Ic difference. Hence, the Ic difference curves tend to bunch up for the end thicknesses
≤175 nm and then drop for the larger end thicknesses, which are only marginally smaller
than the film thickness (250 nm) because of vanishing imbalance between the short and
long ramps.
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3.3.6

Sawtooth pinning model compared to experiment

Figure 3.25: (a) Experimental sawtooth results compared to the calculations based on
the inset profile. (b) Optimised calculated results based on matching the experimental
results so that both results can be displayed on the same y-axis. Sawtooth profile shown
up
in the inset. In both cases Ic Difference = (Ic − Icdown )/Icmax .

Figure 3.25 shows the difference in experimentally obtained Ic values between positive
and negative current applied. This difference, normalized to Ic max, gives a value for the
ratchet effect. Note that the difference in Figure 3.25 is the average over three sawtooth
samples with G ≥ 10 µm and W = 2 µm. The standard deviation is displayed with the
error bars. A clear ratcheting is observed experimentally for both 0.8Tc and 0.9Tc , and
it extends to much higher applied fields than ever observed before [68]. It is important
to note that the asymmetrical Ic with the corresponding sign of the ratcheting effect is
obtained for both positive and negative magnetic fields applied. In addition, for every
sawtooth structure measured, the sign of the ratchet effect was expected according to
the corresponding simulations and the known geometries and orientations of the ramps
installed in the sample holder with respect to both magnetic field and current applied.
Hence, the ratchet effect measured cannot be confused with any asymmetry associated
with different properties of voltage terminals measuring the onset of the critical current.
Furthermore, the ratchet effect has unambiguously been measured in magnetic fields of
up to 1T. This field is significantly larger than any possible frozen flux in the sawtooth
bridges because of, for example, a possible remnant field of order of 1mT in the superconducting magnet [192] to be responsible for the observed ratchet effect. In addition,
the remnant field in the magnet would have a random polarity, while the ratchet effect we
have measured was always consistent with the orientation of the ramp geometries with
respect to magnetic field and current applied and their polarities.
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The experimental results are very well described qualitatively by the corresponding
calculations (the continuous curves in Figure 3.25(a)) as become evident from the below discussion. In particular, a reasonable agreement in the maximum operating field is
obtained for both temperatures, regardless of the long ramp end thickness. This field is
shown to greatly enhance at lower temperatures, meaning a very high possible operating
field for low temperature applications. Experimentally, measurements could not be performed at such low temperatures in the films due to too high transport currents required,
unattainable by the experimental setup. However, the quantitative agreement of the relatively low maximum ratcheting current of about 5% with calculated vales of about 30%
(the right axis in Figure 3.25(a)) could not be obtained for the following reasons.
First of all, it must be stressed again that the calculations for a particular geometry
were done for one model sawtooth bridge, while the measurements were taken for 7
sawtooth bridges in G50W2 to 33 bridges in G10W2. These manufactured bridges may
have microstructural imperfections, such as surface pinholes seen in Figure 3.19(b,c),
which would modify the ratcheting potential, but they were not taken into account in the
model calculations carried out for an ideal ramp. Hence, it is expected to obtain different
values of the ratcheting effect for a model sawtooth and fabricated sawtooth structures.
Furthermore, the difference can be explained by the fabrication technique [153] and the
optimal cross section of a fabricated sawtooth structure (the inset to Figure 3.25(b)). The
main reason is the surface damage caused by both the laser lithography and IBE techniques from water exposure [193], ion implantation [194] and overheating causing loss
of oxygen [195]. The water exposure from the photoresist development can reduce the
overall starting superconductor thickness. The ion implantation and heat exposure would
both affect the thin film from the surface to a certain depth by rendering a sharp drop off in
superconducting properties with the thickness. The effective cross section of a sawtooth
would likely be as denoted by the grey area on the inset to Figure 3.25(b), rather than
the one shown by the solid line schematically representing the cross section obtained by
TEM [Figure 3.19(b) and (c), note the long thin end part of the long ramp with gradually
reduced steepness]. The effective cross section of Figure 3.25(b) also fits the data much
more precisely to the schematic from the inset of Figure 3.25(a), where the reduction of
the sawtooth start height is not taken into account. In addition, the aforementioned ion
backscattering (Figure 3.20) may also be occurring upon sawtooth structure formation,
which would additionally damage the YBCO long ramp over the length of up to ∼ 6 µm.
These effects can reduce the volume of effective imbalanced pinning potential produced by the long ramp by > 50%. It can also lead to change in the ramp type from the
effective ratcheting potential with nearly zero end thickness (simulated in Figure 3.24(c))
to the very ineffective ratcheting potential with non-zero end thickness (simulated in Figure 3.24(d)). The fact that the calculations for the 175 nm end thickness ramp qualitatively
describe the experimental results for the zero-end thickness ramp more consistently than
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the calculation for zero-end ramp is in solid support for a significant influence of these
technology related effects.
Importantly, note that none of these technological effects would damage the plateau
region of the bridge protected by photoresist. As the result, if the thicker side of the long
ramp is reduced by a factor of say 2, then the plateau becomes ∼ 85% of total volume,
which means that its intrinsic dislocation pinning potential will dramatically overwhelm
the imbalanced ratcheting potential of the long ramp. This would easily cause a substantial drop in ratchet effect in agreement with the calculations.
In addition, a few surface voids visible on the ramp in Figure 3.19(a) would also modify
the ratcheting potential, but they were not taken into account in the calculations, which
present an ideal ramp surface.
Due to these reasons, calculation of an optimal sawtooth keeping the 250nm thick
plateau region occurred. In this case the reduced starting thickness of the ramp, along
with the nearly even end thickness significantly suppress ratchet effect such that both experiment and calculations can be displayed on the same y-axis. Other than ratcheting
magnitude, several other factors cause the inset in Figure 3.25(b) to be the optimised profile including the crossing point between 0.8Tc and 0.9Tc and the maximum operating
field.
To determine the future outlook of this sawtooth type superconducting ratchets further
testing around the dimension parameters has occurred in Figures 3.26 and 3.27.
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Figure 3.26: (a) Schematic diagram of the simulated sawtooth design showing the increasing short ramp width from 0 µm (single ramp) to 2 µm (0.5 µm smaller than the
width of the long ramp), while the end height was held constant at 0nm. Result of the
up
ratchet effect ((Ic − Icdown )/Icmax ) calculated from both polarity critical currents for (b)
0.1Tc , (c) 0.5Tc , (d) 0.9Tc and (e) 0.95Tc .

The schematic representation of different widths in Figure 3.26(a) generally shows the
fundamental bases for the distinctive ratchet interactions. These current differences are
established first and foremost by the differing superconducting volume between the short
and long ramps. As the volume of the short ramp is increased to that of the long ramp volume, the expected maximum current able to be applied to each section would converge,
reducing the ratchet effect. This ratcheting potential is further exemplified by the vortex
configuration, which is also displayed in Figure 3.26(a). As the width of the short ramp
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increases, more flux is able to penetrate the superconductor, drastically modifying the pinning landscape and vortex-vortex interactions (adjacent vortices are pinned in relatively
thicker dislocation/superconductor thickness locations). These predictions of vortex behaviour are confirmed with the results of Figure 3.26(b)–(e), with the effectiveness of the
ratchet being the maximum when no short ramp is present and uniformly decreasing as
the short ramp increases. Uniform interactions are also displayed across the entire temperature range with differences only seen by ratchet magnitudes and operating fields, as
to be expected. In a promising test of code validity as the short ramp increases to 2.5µm,
the size of the long ramp, the ratcheting is exactly 0% across the entire field and temperature range. The 1.5µm plateau region was kept to accurately represent the current
limitations of sawtooth creation technology. However, the plateau increases the critical
current density in both current polarities while not contributing to rectification which,
therefore, reduces the maximal obtainable ratchet effect. In a similar way to the short
ramp, decreasing the volume of this plateau would also increase the difference in polarity
dependent critical current.
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Figure 3.27: (a) Schematic diagram of the simulated sawtooth design showing the increasing maximum thickness from 50nm to 500nm, while the end height was held conup
stant at 0nm. Result of the ratchet effect ((Ic − Icdown )/Icmax ) calculated from both polarity critical currents for (b) 0.1Tc , (c) 0.5Tc , (d) 0.9Tc and (e) 0.95Tc .

In a similar way to Figure 3.26, the thickness of the plateau, and therefore the start of
the long and short ramp, is systematically changed in 50nm steps from 50nm to 500nm,
with results displayed in Figure 3.27. The schematic representation of these changes are
shown in Figure 3.27(a) and once more generally shows the fundamental bases for the
distinctive ratchet interactions. Opposed to changing the width of the sawtooth, chang-
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ing the thickness does not vary the amount of vortex interactions. Instead the differences
come from the altered vortex line sizes, which can also be seen in Figure 3.27(a). This
changes the respective interactions between adjacent vortices and, therefore, the entire
vortex lattice. However, also opposed to Figure 3.26, the ratcheting induced from different thicknesses is clearly non-uniform, with a temperature dependence emerging from
Figure 3.27(b)-(e). This ratchet effect temperature dependence is a function of the expected intrinsic pinning which increases with decreasing temperature. Due to this, at very
low temperatures almost no change between the ratchet effect is observed by increasing
the thickness until very high fields >3T Figure 3.27(b). As the temperature increases,
and the intrinsic pinning decreases, the thickness dependence begins to dominate, and a
separation between the profiles emerges. The thicker the start of the ramp, the larger the
ramp gradient, which leads to a more effective ratchet. However, these effects are somewhat balanced by the corresponding increasing thickness of the plateau, which acts as a
suppressant to the ratcheting. From these two profile type calculations (varying width or
thickness) the optimal ratchet profile would be a single ramp which starts at the maximum
thickness, as to be expected from basic theory.
3.3.7

Summary for the ratcheting data

In summary of all ratcheting techniques, several different methods using photolithography
have been implemented in YBCO thin films. Each method (antidots, ramp, sawtooth) has
its positives and negatives. The antidots being extremely easy to make, but suffer from defect density limitations. The ramp and sawtooth requiring a specialised technique (angled
ion beam etching), with the ramp extremely hard to make and perfect. The sawtooth, on
the other hand, is slightly easier to make, but the ratchet effect becomes suppressed by the
short ramp. Furthermore, the ramp and sawtooth surfaces appear to be damaged by the
creation technique as well as back scattering of ions. While the ramps/sawteeth already
operate to a much higher field than the antidot ratchets, with improved creation techniques
the magnitude of the ratchet should be higher too, as suggested by the calculations.

3.4

Vortex pinning enhancement by substrate
engineering

3.4.1

Introduction to substrate engineering

As has been reiterated constantly throughout this thesis, every patterning technique was
given the limit of photolithography. The benefits of which are twofold; time and cost,
with photolithography being much quicker and cheaper than other techniques. However,
this comes with the resolution limit trade-off, with defects created being much larger
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than the traditional ∼few hundred nms. The most preferable solution would be to apply
photolithography in a way to access the small scale defect region. In attempting this
problem, discovery of a new defect application technique, namely ‘substrate engineering’,
has occurred. To create these defects the substrate is patterned in a similar way to antidots
albeit prior to deposition of the superconductor. The holes in the substrate introduce
regions of differing thickness when the YBCO has been deposited on top. If the epitaxial
growth of the two regions is the same then the junction between them acts as an additional
pinning region.
Benefits of this technique relative to antidots include;
≻ The superconducting volume remains the same. This means that any increase in Jc
translates directly to an increase in Ic . Whereas in antidot patterned samples often
Ic is reduced even with an increased Jc [168].
≻ YBCO films are not being treated with a potentially harmful ion/chemical etching
process (overheating, loss of oxygen, Ar-ion implantation) and additionally exposed
to moisture causing degradation [193] during handling.
≻ With this defect type completely unstudied a plethora of potential studies are available, with antidots as the framework.
≻ Potential for novel and interesting effects on the superconducting properties.
A similar technology is employed to create step-edge Josephson junctions in YBCO
[196]. This process involves etching a step or a ramp into a substrate to produce stepedge Josephson junctions caused by a nanoscale thick, artificially created weak-link [196–
198]. This weak-link separates the top and the ramp part of the step. To form a step-edge
Josephson junctions, the film thickness to step height ratio d/h must be ≤ 1 [199]. Above
this value a weak-link would not form, hence no Josephson junction properties to expect.
In the case of this work, the aim is to enhance Jc implying no weak-links, hence require
d/h ≥ 1.
Samples created using this technique, however, unfortunately resulted in uniform Jc
degradation. The likely cause of this being substrate surface damage from the ion beam
etching, resulting in poor or even amorphous YBCO growth. Clearly the process needs to
be changed going forward if this technique is going to be viable.
3.4.2

Substrate annealing to improve surface for deposition

Heat treatment has been shown to flatten the substrate surface, and also resulted in enhancing the quality of the grown YBCO, in particular for ultra thin films [200, 201]. For LAO
(substrate used for the substrate engineering study) Kawanowa et al. [100] found that a
prolonged high temperature anneal (1000K for 8 or 15 hours) cleaned the surface. In fact
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the annealing caused a substrate surface mainly atomically terminated with La-O. To test
the effects of both Ar etching and substrate annealing the following four different types
of samples were created, labelled as follows. A plain LAO substrate with no treatment is
labelled as P (Plain), a plain substrate that has been annealed is AP (Annealed Plain), a
substrate which has been etched with no furnace treatment is E (Etched), and a substrate
which has been etched then annealed is EA (Etched Annealed). Etching of the substrates
occurred using standard parameters for 10 minutes. The two annealed substrates were
exposed in a tube furnace at 1000◦ C in air for > 2 hours, and then immediately moved to
the PLD chamber for YBCO deposition.

Figure 3.28: SEM images of YBCO surfaces for samples (a), (b) deposited onto a
plain/as received substrate (P) and (c), (d) deposited onto a substrate annealed at 1000◦ C
in air prior to deposition - annealed plain (AP).

The main defects on the surfaces are pinholes/pores for sample P shown in Figure 3.28(a,b)
and outgrowths for sample AP shown in Figure 3.28(c,d). Notably, the pinholes are to a
large extent eliminated by the substrate treatment, instead outgrowths are formed in AP,
which are almost absent for P. Formations within the pinholes visible in Figure 3.28(b) are
smaller and have less regular shape than the outgrowths in Figure 3.28(c). Although these
formations may be of a different origin, they will hereafter still be called outgrowths and
treated as such unless otherwise specified. Counting the surface defects in Figure 3.28 in
a 5 × 5 µm2 area gives the defects of a plain substrate as 1.60 µm−2 for outgrowths and
2.48 µm−2 for pinholes, and the annealed substrate defects are 2.72 µm−2 for outgrowths
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and 0.20 µm−2 for pores. This shows that the annealing of the substrate has lead to an
increase in outgrowths (even if the formations within the pinholes are considered as the
outgrowths), but a decrease in pores. The likely explanation behind this mechanism is as
follows.
Annealing of LAO at 1000◦ C is likely to lead to enhanced surface diffusion activation,
resulting in strain relaxation, in changing the domain structure, twinning[202], as well as
in La-O surface termination and deoxidisation (LaAlO3 → LaAlO3−x ) [100], and hence in
modification of the lattice parameter constant [203]. This lattice parameter may expand or
contract depending on the surface termination, either Al-O2 or La-O respectively [100]. It
is therefore possible that the annealing process has increased a stoichiometric mismatch
(perhaps localised) upon depositing YBCO compared to the P (non-annealed) samples,
and therefore, increased the amount of outgrowths. The mismatch is known to result in
edge dislocations [12, 13], which in turn releases the strain in the lattice. More or less
strain affects the film growth, number of dislocations, and the lateral columnar domain
size. The substrate surface modification would lead to a more homogeneous, less strained
surface, which would promote more homogeneous 2D growth mode component with a
smaller number of pinholes. In addition, pores may be found on plain LAO substrates
caused by substrate surface defects such as La-O vacancy clusters. High temperature
annealing of LAO substrates reduces the amount of these clusters [204]. This would
further support the reduction of surface pinholes in the YBCO thin films.
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Figure 3.29: XRD patterns for a plain LAO substrate (bottom), a P sample (middle) and
an AP sample (top). Some extra peaks are produced by the aluminium sample holder
used, whose XRD (thin black line) is overlayed with LAO pattern on the bottom.

The x-ray diffraction (XRD) patterns between the P and AP samples are generally
very similar. The YBCO peaks (labelled as (00l)) are very similar in magnitude and
position, hence indicating the YBCO growth, which ultimately results in epitaxial film
formation. All the primary (00l) peaks are displayed for both samples for typical θ -2θ
scans, suggesting the c-axis orientation. The XRD scan for LAO substrate is presented
as well, which helps identify LAO related peaks in the XRD scans taken for the films
deposited on LAO substrates. The XRD results are similar to other YBCO films deposited
on LAO substrates with either no annealing [205] or post annealing [206].
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Figure 3.30: Jc difference ([Jc (treated substrate) - Jc (untreated substrate)] / Jc (untreated
substrate 0T)) of films with an annealed plain (AP), etched (E) and etched then annealed
(EA) substrates compared to a plain film for 10K - 85K. An x-axis break occurs between
0T and 0.01T for 77K and 85K with the x-axis displayed in a logarithmic scale for these
temperatures only.

Shown in Figure 3.30 is the Jc difference for one set of samples. In this case it is a
comparison between an annealed plain substrate, an etched substrate annealed and another etched substrate non annealed to a plain non annealed substrate. A clear detrimental
effect on Jc is observed as a result of etching the surface of the substrate (sample E). This
is easily explained by the surface damage from the etching, as well as non removal of
etched material leaving deposits on the substrate surface (unclean surface). An unclean
and inhomogeneous surface such as this would cause Jc non-uniformity throughout the
film, as seen in [207]. What is obvious from annealing is the overall positive effect that
this produces. The sample which has been annealed after etching has been restored (or
improved) to the same Jc as the plain film for all applied fields. This process, therefore,
becomes potentially essential for high quality superconducting devices. What must be
noted, however, is the higher improvement to Jc of AP, which shows that a further improvement to the substrate surface is possible (compared to EA). The furnace treatment
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used in this work is relatively brief and of a lower temperature to other work [201].
3.4.3

Magnetic measurements indicating enhanced Jc of substrate engineered
films

Besides specific etched substrate devices, the restoration of Jc by annealing the substrate
after Ar etching is a significant finding for substrate engineering as a defect application
technique. In this case a substrate annealing step after ion beam etched patterns and prior
to the deposition of YBCO will now be tested. While it is known that annealing etched
substrates prior to deposition can restore Jc , it was also found in Figure 3.30 that annealing
a non-etched substrate can result in a uniform increase to Jc across a wide temperature
range. This means the question remains whether patterning certain areas plus a furnace
treatment will lead to a Jc enhancement, or if an annealed substrate is the best situation to
achieve.
Optical laser lithography and 10 minutes of Ar ion-beam etching were employed to
pattern the substrates. Taking an atomic force microscopy (AFM) cross section profile
gives the depth of an etched hole on average to be (34.5 ± 0.5) nm. The substrates were
annealed at 1000◦ C in air for > 2 hours, and then immediately moved it to the PLD chamber. An AFM cross section profile across the hole covered by a deposited film revealed
the depth of the hole to remain about (35.3 ± 1.8) nm. The thickness to step ratio is
therefore 250/35 ≈ 7.1 > 1, so a step-edge Josephson junctions should not form [199].
In addition, to ensure a proper characterisation, a plain and an annealed plain substrates
have also been deposited at the same time for comparison.
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Figure 3.31: Optical image of (a) Squares (S1). (b) Graded channels (G1). (c) Triangles
(T2) (d) Circles (C2). The number following the symbol indicates different depositions.

In this work, four representative patterns have been selected, which were also explored
in the AD section, for the proof of the concept purpose, rather than to optimise the expected Jc enhancement. These four patterns were etched into different substrates as follows (Figure 3.31): (a) squares, (b) graded channels, (c) triangles and (d) circles, and
deposited in two batches. The first batch used the substrates patterned with the squares
(S1) and graded channels (G1) along with a plain substrate (P1) and an annealed plain
substrate (AP1). The second batch used the substrates patterned with triangles (T2) and
circles (C2) along with a plain substrate (P2) and an annealed plain substrate (AP2). Having P1,2 and AP1,2 ensures a proper comparison to the effect of the substrate patterning
and its annealing on Tc and Jc , rather than unlikely random errors during depositions.
Note that all patterned substrates were annealed as mentioned above.
S1 (Figure 3.31(a)) has 10 µm sides in a triangular array with a period of 20 µm so
that there was a 10 µm vertical and horizontal gap between squares. G1 (Figure 3.31(b))
is a set of 5 µm wide concentric square rings. This was arranged in a way so that the
rings were dense in the center of the sample and gradually became sparser toward the
edge. The array period starts at 7 µm and increased at 1.6× previous array period so that
the period between the final two channels was 825 µm. A similar graded type of ring
patterns with ADs of different dimensions has previously been successfully employed for
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pinning enhancement in different films [16, 168]. T2 (Figure 3.31(c)) is the pattern with
the largest etched region used having a 20 µm base and height. The triangles were also
arranged in a triangular array with a horizontal period of 30 µm and a vertical period
of 25 µm, which meant a gap of 10 µm and 5 µm between shapes horizontally and
vertically, respectively. It should also be noted that the triangles in T2 are orientated such
that the apex is pointed toward the center of the sample. This orientation is similar to work
done with ADs in an attempt to produce a ratchet effect, which allows flux to experience
a stronger pinning effect entering (increasing field) than exiting (decreasing field) [168,
171]. C2 (Figure 3.31(d)) has the smallest features created having a 3µm diameter and a
period of 10 µm in a triangular array.

Figure 3.32: SEM images of S1 at (a) low and (b) high magnifications. Rectangle
indicates the junction between the etched and non-etched regions.

Figure 3.32 displays the SEM images for S1, however, these are typical for all samples
investigated. The SEM images show the large amount of quite common defects on the
surface of the YBCO films. These are mostly so-called pin-holes (or pores) and some outgrowths (or droplets). A large number of pin-holes (pores) may be caused by high energy
plume adatoms arriving to the substrate due to a short target-to-substrate distance [208].
This causes short reaction times and inhomogeneous growth with a more pronounced 3D
growth component [208, 209] in the otherwise 2D/3D Stranski-Krastanov growth mode
[210]. The pores may also be caused by BaY2 O4 secondary phase occlusions [189]. Outgrowths may be caused by high energies of adatoms in the laser plume [208], or by CuO
and/or YCuO2 phases [211], or by a stoichiometry mismatch [212].
The concentration of these defects on the surface were counted within a 5 × 5 µm2
area and displayed in Table 3.4. Clearly, the annealing of the substrates has decreased the
amount of pores present but increased the outgrowths. Note, only P1 and P2 in Table 3.4
have not been annealed. A potential reason for these changes stems from the modified
surface morphology of the LAO substrate.
Table 3.4 somewhat surprisingly shows that the patterned substrate samples have consistently higher Tc . The overall high Tc indicates the high quality of YBCO thin films
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deposited.
Table 3.4: Comparison of Tc for all samples. Also shown is the concentration of surface
defects for 4 samples which were imaged using SEM.

Tc

Outgrowths (µm−2 )

Pores (µm−2 )

P1

90

1.60

2.48

AP1

90

2.72

0.20

S1

90.6

2.00

0.56

G1

90.6

2.60

0.20

P2
AP2
T2
C2

90.5
90.3
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It is important to ensure that the etched and unetched regions produce the same high
quality YBCO superconducting films. A higher magnification image of the square patterned sample, shown in Figure 3.32(b), exhibits the deposited film on both etched and
unetched regions of the substrate. The surface of the two regions appears to be very
similar. The numbers of defects in the etched area are 1.80 µm−2 and 0.88 µm−2 for outgrowths and pin-holes, respectively. Comparison to the non-etched values of 2.00 µm−2
and 0.56 µm−2 suggests similar quality structures of the two regions. This is also confirmed by transmission electron microscopy showing very similar columnar growth mode
of the film in the both regions (Figure 3.33(c,d)).
The yellow box in Figure 3.32(b) shows the ramp-like edge area between the etched
and unetched regions, which is where the expected additional pinning potential is. On
this edge, the concentration of outgrowths has increased to 2.67 µm−2 , and pin-holes to
2.22 µm−2 .
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Figure 3.33: The TEM cross section of S1 around the ramp-like edge between etched
and unetched regions is shown in high (a) and (b) as well as in lower (c) and (d) magnifications. The direct comparison between the etched and unetched regions indicates that
the growth mechanism is similar in both the regions.

Figures 3.33(a) and (b) show typical regions near the top of both edges of one of the
squares for S1. On the etched side of the substrate, amorphous regions are circled. They
do not exhibit typical layered pattern for YBCO material, which can be observed above
these regions. These amorphous regions are about 5-10 nm wide, extending along the entire edge of any patterned feature for all samples. They are large enough to accommodate
a vortex.
Figures 3.33(c) and (d) display a lower magnification of the same region around the
patterned edge. A structural domain wall, produced by the PLD columnar growth of
YBCO thin films, is clearly seen originating on the tip of the edge traversing up to the
surface of the film with a corresponding characteristic feature on the surface of the film,
which is likely a pin-hole. The domain walls are also well known to serve as pinning sites
for vortices [12, 13, 23, 70, 213].
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Figure 3.34: Jc difference between patterned and plain films ([Jc (patterned) Jc (plain)] / Jc (plain 0T)) (a)-(d) and patterned and annealed plain films ([Jc (patterned)
- Jc (annealed)] / Jc (annealed 0T)) (e)-(f) at 10K, 45K, 77K, and 85K. G1 denotes graded
channels, S1 squares, T2 triangles, and C2 circles.

For easier clarification of enhancement to Jc , the difference in the Jc is taken between
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the thin films deposited on their corresponding patterned substrates and P1 or P2, shown
in Figure 3.34(a)-(d). It is worthwhile reminding that the patterned samples had their
substrates annealed before the deposition. Note, a positive difference in Figure 3.34 shows
enhancement to Jc whilst negative shows degradation. Strikingly, over a broad range of
temperature and applied magnetic field, Jc (Ba ) shows a general enhancement for the films
deposited on the patterned substrates with one exception for T2.
In particular, a higher Jc always occurs for patterned samples at very low fields. Most
notable enhancements of ∼ 35% and ∼ 40% are respectively observed for S1 and G1
at T = 85 K. This in itself is a very useful property for many superconducting devices
operating close to Tc . This enhancement is gradually reduced down to under 20% as the
temperatures is decreased to 10 K.
Another interesting result is that for C2 the enhancement degrades at a notably slower
rate as the function of the field than for the other patterns at T < 45 K. However, this
enhancement, which is much larger than for all the other samples at 10 K, significantly
deteriorates as the temperature is increased, on the contrary to S1 and G1. To some
extent, this behaviour is supported by magneto-optical imaging in MoGe films with ADs
of circular shape on one half of the sample and square shape on the other half [214], where
Jc for the part with the circles was found to be higher. These results in the MoGe film are
ambiguous since no temperature dependence of this effect was observed due to flux-jump
effect at lower temperatures. It is also notable that the Jc difference for the corresponding
AP1 and AP2 samples behaves somewhat similarly to C2 with the only difference that
the degradation produces a clearly negative Jc difference for T ≥ 77 K. Such similarity
suggests that the pinning mechanism for C2 and AP1,2 samples are similar.
T2 exhibits the exception, showing negative Jc difference in Ba > 0.5 T and T < 45 K,
which tends to level for higher temperatures, while robustly exhibiting Jc enhancement at
lower fields over the entire temperature range. The sharp drop in Jc with field is a typical
result for a film with easy vortex flow channels [215, 216]. The base of the triangles in T2
are orientated to be parallel with the sample edge, while their sides form aligned channels
of suppressed superconductivity. These channels enable sliding of vortices towards the
triangle vertex, and then from one triangle to another towards the centre of the sample
(Figure 3.31(c)). Vortices breaking away from one triangle corner to a neighbouring triangle may be promoted by excessive flux accumulation in the corners of triangles [177].
This is in stark contrast to the other samples, exhibiting no apparent easy vortex channels.
Further, it is instructive to plot the difference in Jc between the same films and their
corresponding annealed plain substrates, i.e. either AP1 or AP2 (Figure 3.34(e)-(h)).
Since both the films and plain substrates were deposited on annealed substrates, the remaining difference is only due to the effect of substrate nanoengineering, whereas Figure 3.34(a)-(d) shows the superposition of the pinning changes due to the patterning and
due to changes associated with annealing.
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There are two main features to distinguish in the Jc difference plots in Figure 3.34(e)(h) as follows. (i) The trend of the Jc difference as a function of the field is similar for
all the samples, (ii) except for C2. This is best seen at T = 10 K, for which C2 is the
only sample showing positive Jc difference in the entire field range. As the temperature
is increased, all the patterned sample gain positive Jc difference, so that the strongest Jc
enhancement (up to 45%) is observed at highest measured temperature of 85 K. Notably,
the behaviour of the Jc difference becomes very similar for 85 K, including C2.
Thus, C2 stands out in Figure 3.34, indicating that the added pinning contribution is
most effective at lowest temperatures for this sample. This type of Jc enhancement is
most likely associated only with vortex pinning arising at the etching edges, rather than
with collective effects of vortex pinning and dynamics facilitated by particularities of the
entire pattern as, for example, described for T2 above and in Refs. [16, 168, 215, 216].
In Refs. [168], for example, non-homogeneous, non-Bean-like magnetic flux penetration
with “vortex vacuum” regions appeared as a result of AD pattern contributions to vortex
pinning has been proposed. In the case of the circle pattern in C2, it has the most symmetric shape of its features, the smallest dimensions, the most homogeneous array pattern,
and the least area of etching, compared to the other samples investigated in this work.
Hence, this pattern is the least suitable for similar collective effects.
T2 shows the weakest performance enhancement, and even negative Jc difference especially at lowest measured temperatures and high fields. The positive Jc difference is only
achieved at low fields (< 0.4 T). However, this pattern still shows the general trend of the
Jc performance as for the other patterns (G1, S1). In fact, even C2 tends to exhibit the
same trend as all other samples in Figure 3.34 at T > 45 K.
The empirical analysis of the obtained results indicate that the Jc enhancement has a
similar origin in all the samples associated with the influence of the patterning. These
added factors associated with patterns are likely a synergy of (i) additional vortex pinning sites (or regions) at the edges of the nanoengineered patterns and (ii) the nonhomogeneous vortex penetration and modified non-Bean-like critical state pinning model
of vortices in the samples [168]. The non-homogeneous vortex penetration was shown
to be equally effective at any temperature below Tc for AD patterns in Ref. [168]. In the
present work, the superconducting films do not loose integrity within the patterns as was
the case for ADs. Hence, at low temperatures this non-homogeneous vortex penetration
dynamics may not be effective, and mainly the added pinning sites by the pattern edges
contribute to Jc enhancement. At higher temperatures, the vortex dynamics has a more
profound influence, hence the Jc enhancement is larger due to collective influence of the
patterns on vortex pinning. This scenario is further supported by C2, which as mentioned
above should be least susceptible to inhomogeneous penetration due to its most “homogeneous” pattern: the circular sample of features, their smallest dimensions, and least etched
area (per feature). Indeed, C2 demonstrates behaviour which is least consistent with the
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non-Bean-like pinning model, and, on the other hand, it is more consistent with the added
pinning sites of a certain type, which enhances Jc at low temperatures only.
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3.4.4

Magnetic field temperature dependence of substrate engineered films

Figure 3.35: Patterned film normalised field dependence of Jc difference between respective unpatterned films ([Jc (patterned) - Jc (plain)] / Jc (plain 0T)) (a)-(d) (closed
symbols) and respective annealed unpatterned films ([Jc (patterned) - Jc (annealed)] /
Jc (annealed 0T)) (e)-(f) (open symbols) at 10K, 45K, 77K, and 85K. Patterned films
are denoted in graph heading as graded channels G (a), (e), squares S (b), (f), triangles T
(c), (g), and circles C (d), (h).
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Determination of the temperature dependence of the substrate engineered pinning defects
relies again on the reduced magnetic field Ba /(1-T /Tc )1.6 . In doing so all temperatures
may be visually represented simultaneously on the same scale. The difference between
the patterned and plain film in Figure 3.35(a)-(d) displays the cumulative temperature dependence of both the patterning and annealing effects. In this case the annealing appears
to dominate this dependence with the respective deposition/furnace treatment families (G
and S) and (T and C) showing relatively similar temperature dependencies. Generally
speaking Figure 3.35(a), (b) has the highest ∆Jc at 85K, before dampening at 10K, while
still being positive. On the other hand, Figure 3.35(c), (d) shows a somewhat reversed
effect with 10K mostly having the highest Jc difference and 85K the least. The vast difference in the temperature dependence of the two annealed plain samples suggests that the
annealing step is not fully perfecting/cleaning the surface by leaving a La-O terminated
surface. If all substrates had a consistent surface finish the PLD growth mechanisms
would be similar. Further optimisation of the furnace treatment, such as the longer annealing times of the past [100], will likely further improve a non-patterned film itself.
Even still, differences between the respective annealed films (G and S) and (T and C)
occur, which suggests that a substrate hole effect transpires independent of annealing. To
elucidate the dependence of substrate patterning, the difference is calculated between the
patterned (which is annealed) and respective annealed unpatterned film in Figure 3.35(e)(h).
Isolation of the substrate patterning effect in Figure 3.35(e)-(h) reveals an almost identical Jc temperature dependence for all measured samples. In all pattern cases at 85K the
largest Jc increase is measured. This Jc difference uniformly decreases with decreasing
temperature until the lowest increase (or largest decrease) to Jc is measured at 10K, which
is consistent for all samples. The temperature dependence of all patterned samples being
uniform is consistent with defect pinning expectations, confirms the working principal
and validates the data in Figure 3.34. The pinning properties can be determined by investigating the manufacturing technique of these defects, i.e. etching the substrates and
depositing the film on top. Relative to an unpatterned substrate film, the additional pinning regions occur at the junction between the etched and non-etched zones. Even though
the etched shape and sizes vary significantly from 3µm to 20µm, the fundamental additional defect (on a local scale) is the exact same between different shapes. Meaning that
the interaction between vortices and these defects remains the same across the samples
and with changing temperature, which is seen in Figure 3.35(e)-(h). The differences in
Jc difference values in in Figure 3.35(e)-(h) which do arise are caused by the differing
density and orientations of these defects.
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Figure 3.36: Temperature dependence of Jc difference ([Jc (patterned) - Jc (annealed)] /
Jc (annealed 0T)) between patterned and annealed plain films for (a) graded channels G,
(b) squares S, (c) triangles T, and (d) circles C. Vortex radius is displayed on the right
axis in all (a)-(d). Legend indicates the normalised Ba value = Ba /(1-T /Tc )1.6 .

Furthering this temperature dependence study, the ∆Jc of several normalised Ba values (Ba /(1-T /Tc )1.6 ) are displayed in Figure 3.36(a)-(d). In general the ∆Jc temperature
relation of all samples indicates a similar trend, which follows from Figure 3.35(e)-(h).
The defective region in these samples (which is the junction between the etched and nonetched substrate regions) extends over ∼50nm-100nm, compared to the ∼few nm of dislocations [15], the main defect for growth defect flux pinning in YBCO thin films [209,
217]. As the size of the vortex, increases to be larger than the size of dislocations, the pinning potential of the plain film decreases. Contrarily, the size of the artificially introduced
substrate engineered defect region, being much larger than the dislocation, becomes more
effective as temperature increases. As the temperature increases, the size of the vortex
becomes more accommodated by the defects induced by surface modification.
3.4.5

Transport measurements of patterned films

As patterning the substrate with ADs is a type of defect never created before, it is essential to measure the critical current density properties with all appropriate techniques. In
YBCO the critical current is determined by both the pinning properties and by how the
electric field is generated, which depends on the measurement technique [82, 181].
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Figure 3.37: Patterned bridges for transport measurements including (a) 4µm circles, (b)
4µm squares, (c) 10µm squares, (d) 5µm channels, (e) 15µm side boomerangs. Pinning
mechanism for (f) circles, (g) squares and (h) boomerangs. Red arrows indicate paths of
vortex movements before interacting with the additional pinning zones.

The features in this sample were created by first patterning the LAO substrate with laser
lithography, etching the substrate for 10 minutes with the standard parameters, two hour
annealing at 1000◦ C in air, and finally depositing an YBCO thin film on top. This was
created on a single 60µm wide bridge to be able to accurately compare the effect of the
patterns. Figure 3.37 shows all patterns investigated. The etching depth (∼35nm) and
shape in the substrate was maintained after deposition of the YBCO. When measuring
a bridge with transport techniques the first region which contains the entire current path
to undergo the resistive state will determine the Ic . If the surface of the superconductor
has been etched with ADs the large reduction of the superconductor volume across the
width of the film ensures certainty of Jc measurement position, exactly where the ADs
are. Whereas substrate etched films have the same superconducting volume between an
unpatterned and patterned substrate film and, therefore, do not have a clear region of reduced superconductivity. Figure 3.37(a)-(c) shows 3 patterns where vortex motion can
either avoid the artificial defects, or channel exactly along the junction edge. While pinning of vortices is a collective effect, regions of no defects may allow vortices to channel
perpendicular to the current flow even when other vortices are strongly pinned at defect
locations, i.e. easy flow channels [218]. This flux channelling is represented by the complete red arrow, so that these films should be the same, or worse, as the plain films. On the
other hand, overlapping of patterns in Figure 3.37(d),(e) means that no easy vortex motion
path occurs. The defect positioning ensures interaction for all penetrated flux across the
bridge, which is represented by the several broken red arrows. This pinning mechanism is
108

3.4. VORTEX PINNING ENHANCEMENT BY SUBSTRATE ENGINEERING
also schematically represented in Figure 3.37(f)-(h), where there are potentially differing
Lorentz force induced vortex-AD interactions depending on the vortex position.

Figure 3.38: (a) Average surface profile from forty 10µm lengths for the channel sample
measured by AFM cross section. The legend refers to the substrate etched condition,
where ‘Outside’ is non-etched, ‘On Edge’ junction between etched and non-etched, and
‘Inside’ etched regions. (b) Example AFM image of the measured cross section region
at the surface of the YBCO on top of an etched channel.

Figure 3.38 displays the average surface profile for the channel sample in the three
different regions, non-etched (‘Outside’), etched (‘Inside’) and the junction between them
(‘On Edge’). While density of the surface defects (holes) appears to be approximately the
same for all regions, the height difference between the top and bottom of the holes is
larger on the edge between the etching regions. Deeper holes in the superconducting
surface provide a deeper potential well for stronger vortex pinning.
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Figure 3.39: Jc of all substrate engineered samples measured by four probe transport
technique at (a) 77K, (b) 80K and (c) 85K. Inset shows the Tc of the entire bridge.

Shown in Figure 3.39 is the Jc dependence on Ba for 85K, 80K and 77K. Note that
at 77K the Ic of several patterns exceeded the measurement limit (100mA). Inset reveals
the superconducting transition for the entire bridge. The transition begins to occur at
about 90K before becoming zero resistance at about 86.7K. Typical Jc dependencies are
observed across all samples, the exception being the channels sample at 80K which appears to have a higher Jc at 0.005T compared to the self field (likely due to frozen-in flux).
However, at 85K the Jc is maximum at 0T for the channels sample, and low field measurements are above the measurement limit of 100mA at 77K, hence, significance is hard to
determine for this effect. Another feature in Figure 3.39 is the increase in Jc of the plain
film with increasing temperature relative to the patterned films, i.e. at 85K the unpat-
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terned film has a larger Jc than the patterned samples. During the magnetic measurements
the opposite temperature dependence was found, where the ∆Jc of the patterned film was
increasing with increasing temperature (Figures 3.35 and 3.36).

Figure 3.40: Jc difference ([Jc (patterned) - Jc (plain)] / Jc (plain 0T)) between patterned
and plain films of all substrate engineered samples measured by four probe transport
technique at (a) 77K, (b) 80K and (c) 85K.

For easier clarification of any patterned substrate dependent effects, Figure 3.40 displays the difference in Jc between the patterned and plain samples. Note that ∆Jc is equivalent to ∆Ic for these samples as the superconducting volume is identical for all films.
Several interesting effects brought upon by the patterning are observed. Firstly the shapes
which are most effective at increasing the Jc have the largest area of etched substrate
(boomerangs, channels). These large area patterns are most effective (at increasing Jc ) at
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lower temperatures. Similarly, the smaller patterns (4µm squares, 4µm circles) are more
degradative to the Jc at lower temperatures. The etched area dependence is particularly
evident comparing the 10µm squares to the 4µm squares, where the shape is the same
but the etched volume is 6.25 times larger. At the high temperature of 85K, the ∆Jc of the
10µm and 4µm squares are approximately the same. As the temperature is decreased to
80K the ∆Jc of the 10µm squares is ∼10% greater than that of the 4µm squares below
a Ba of 0.1T. As the temperature decreases further to 77K, the 10µm squares maintain
a superior ∆Jc up to a Ba of 0.7T compared to the 4µm squares. The behaviour of the
square shapes in Figure 3.40 indicate the substrates etched area has a more significant
impact on the Jc than the shape itself. Furthermore, the 10µm squares (the larger etched
area square) behaviour is tending towards that of the other large area shapes (boomerangs,
channels) as the temperature decreases.
A more significant impact on the Jc properties than the etched area of the substrate, is
the amount of overlap between adjacent patterns. The red arrows in Figure 3.37(f)-(h)
show paths where vortices can traverse (assuming correct conditions allows this movement) without interacting with the substrate features. These easy flux slipping paths are
present for the 4µm circles, squares and 10µm squares. As the region between the etched
and non-etched areas of the substrate are more densely defective (Table 3.1), the superconducting properties are suppressed here (relative to an unpatterned film). A reduced Jc
is exactly seen in Figure 3.40 for 4µm circles, squares and 10µm squares. Contrastingly,
the adjacent pattern overlapping of the boomerang and channel patterns means that flux
does not slip between, or on, the defects. For these two patterns the Jc has been enhanced.
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Figure 3.41: Jc difference ([Jc (patterned) - Jc (plain)] / Jc (plain 0T)) of all transport
substrate engineered samples at 77K, 80K and 85K as a function of normalised field for
(a) boomerangs, (b) channels, (c) 10µm squares and (d) circles (closed symbols) and
4µm squares (open symbols).

Further study of the field dependence at different temperatures is displayed in Figure 3.41, with the x-axis changed to normalised Ba (Ba /(1-T /Tc )1.6 ). Each graph in Figure 3.41 represents one sample with the exception of Figure 3.41(d) as the 4µm circles
and squares exhibit a similar behaviour. The temperature evolution of these measurements
generally becomes more degradative to Jc as the temperature increases. This temperature
dependence is the complete opposite to the trend found from magnetisation measurements
(Figure 3.35(e)-(h) and 3.36), even at the exact same temperature range between 77K and
85K, which may be due to the differing electric field criteria between the magnetic and
transport techniques [82, 181]. In particular, it was found in Figure 3.35(e)-(h) that the
etched region size/shape played a minor role in the pinning landscape, generally having a
small effect on the overall shape/magnitudes of the curves. This is because the junction
between the etched and non-etched substrate forms the additional pinning zone. The additional pinning regions are fundamentally the same between all patterns. However, for
transport measurements (which indicate the first point of resistive state across the bridge)
defect positioning is extremely important in controlling the flux channelling [219].
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3.4.6

Summary of substrate engineering

In this section substrate engineering referred to modifications of the substrate prior to
deposition of the YBCO. The two main components explored of substrate engineering
being high temperature annealing and AD etching of holes. Both cases may result in the
significant enhancement to the Jc of YBCO. A major advantage to the pinning structure
modifications of the substrate engineering type being no reduction to the superconducting
volume relative to a non-substrate engineered film. Correspondingly any increases to the
Jc also mean an increase to the Ic . Furthermore, there are no modifications to the YBCO
surface, which protects the YBCO from the potentially harmful lithography/etching process.

3.5

Summary

This chapter has explored opportunities into vortex pinning dynamics of YBCO thin films.
Consequently, the potential of photolithography in creating large defect structures was
revealed. Use of this device dramatically decreases production time and costs compared
to nanometre resolution technology. The novel research conducted includes but is not
limited to;
≻ Large sized blind and fully perforated ADs used for increasing the Jc of YBCO.
≻ Due to the nanowall pinning between the defect and vortices a guide to optimising
the volume of superconductor removed was found. Within this guide a golden
region of defect volume where Jc is always increased. Within this golden region a
shape dependence of the ADs was found, in which maximising the circumference
to volume ratio is key.
≻ Superconducting ratchets based upon an asymmetrical pinning potential were created. These ratchets were made by both AD structures and by varying the thickness
in a ramp/sawtooth fashion. Both cases produced current polarity dependent Jc for
guided vortex motion, hence, the ability to reduce flux noise.
≻ Treatment of the substrate prior to deposition has been shown to significantly influence the superconducting properties of YBCO. A simple furnace treatment of
the substrate changes it’s surface morphology which, in turn, influences the growth
defects of the film and corresponding pinning landscape.
≻ Changing the substrate surface morphology further by applying large scale ADs
to the substrate prior to deposition may also significantly enhance the Jc . This
substrate engineering being important as the junction between the etched and nonetched regions is a few hundred nanometres seen by the TEM images. Hence,
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micron sized resolution equipment can access the nanometre regime of more expensive equipment.
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Chapter 4
2DEG between LAO and STO
This chapter explores the possibilities for the utilisation of new technologies in electronics, namely the 2DEG between LaAlO3 (LAO) and SrTiO3 (STO). The work concluded
in this project is broken up into six main sections including;
≻ Introduction/Film Characterisation which provides the fundamental techniques to
prepare/measure samples. The significance of this section being to establish this
subject area at the institute.
≻ Transport Properties of Plain 2DEGs forms the basis for the electrical characteristics of the 2DEG.
≻ Capping 2DEGs, by deposition of further materials on top of LAO, represents a
potential downfall of the system whereby the electronic properties of the 2DEG is
destroyed. However, this section utilises this negative effect to show a potential
novel use.
≻ Operational electric field effect devices are explored in ‘BFO/2DEG Heterostructures’.
≻ The fundamental origins of the 2DEG are compared with the similarities of ion
bombarded conducting STO in 2DEG vs Metallic STO.
≻ Finally the work is concluded in the Summary.

4.1

Introduction

The two dimensional electron gas (2DEG) between LaAlO3 (LAO) and SrTiO3 (STO)
insulators is one of great intrigue and potential [88, 104, 109, 120, 220]. The 2D nature
of the system provides special electronic capabilities due to the relatively low electron
density (∼5 × 1013 cm−2 , but high carrier mobility (>104 cm2 V−1 s−1 at 2 K [88]), such
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as metallic-like conduction, magnetism, superconductivity, electric field effect control and
more.
The deposition conditions require an initial optimisation process to ensure that the interface is both conductive and that this conductivity is truly confined to the interface.
Prior to the deposition itself, a significant difficulty to create a functioning 2DEG is the
requirement Ti terminated STO substrate. The simplest way of Ti termination is to buy
the commercially available Ti terminated STO substrates from any of the manufactures.
The cost of which being ∼$300Au each are not an option for a long term study with
10s to 100s of samples. Another option is to use the well known Ti terminating process
used by the substrate manufacturers. However, this process involves buffered-HF acid,
not available in this institute. With the containment facilities for HF not available, ordering this in and setting it up is also infeasible. For this study, the only remaining option
becomes finding a different process to consistently Ti terminate the STO substrate. So
that the 2DEG creation is able to be optimised for the current and future work at this
institute. Before the furnace treatment and water leaching method [154] was discovered,
many other techniques were trialled. The resulting surfaces are shown in Figure 4.1.

4.2

STO surface optimisations to create 2DEGs

Shown in Figure 4.1(a) is an as received STO substrate, which is relatively flat, with
<1nm roughness. However, the surface contains mixed termination with no crystal lattice terracing seen. Figure 4.1(b) was an acid treatment with HNO3 . The pH range in
which Ti termination will occur is very sensitive, below 4 acid holes will occur, whilst
above 5 results in no etching. In this case the pH was too low producing clear acid pit
holes throughout the film and no Ti termination. Ti termination of STO has previously
been produced by high temperature annealing in air in conjunction with de-ionised water
leaching [154]. The resulting surface of a solo furnace treatment (with no water leaching) is shown in Figure 4.1(c). Although the surface roughness remains <1nm, still no
Ti termination occurs which would be indicated by a terraced surface. Figure 4.1(d) is
the result produced from combining a furnace treatment and water leaching, with the Ti
termination represented by the diagonal lines (terraces). In the middle of Figure 4.1(d)
a triangular structure is present which is the existence of the SrO islands due to the cold
water not reacting and removing the SrO quickly. SrO islands can be seen throughout the
sample, represented by the areas of dark triangular shapes. In terms of a full 5×5mm2
plain film this may still produce a relatively good 2DEG, however, when trying to produce
thin bridges it will more than likely result in an insulator. Therefore, a full Ti termination
is required.
Prior to determining a consistent process of Ti terminating STO substrates, many different techniques were attempted. Instead of doing AFM imaging on every sample, it
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Figure 4.1: AFM imaging of STO substrates which are (a) as received, (b) treated with
HNO3 , (c) furnace treatment without water leaching and (d) furnace treatment with cold
water leaching.

may be easier to instead measure the resistance characteristics. As simple as measuring
the room temperature resistance will indicate whether the interface is conductive, with a
proper 2DEG measuring around 10kΩ while both LAO and STO are band insulators with
several MΩ resistances. However, the insulating properties of the LAO mean any 2 point
resistance measurements (e.g. a multimeter) give a false reading of the true interfacial
properties, often indicating it is greater than 1MΩ. Due to this it is necessary to use a 4
point resistance technique. Two examples of the many times LAO was deposited on nonTi terminated STO are shown in Figure 4.2. These examples being LAO on an as-received
STO substrate, and one which had been furnace treated but not water leached. Both show
similar characteristics, which were typical of the non-Ti terminated samples, although the
magnitude of the resistance would often be different. The two shown in Figure 4.2 are at
the absolute lowest end of resistance at 300K, often the samples were already above the
4MΩ resistance limit. The differences in resistances are likely due to different levels of
Ti surface termination of the STO. What is typical, however, is the false hope readings
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Figure 4.2: Resistance curves for improperly terminated STO surface. One substrate
which has no treatment (P-STO) and one which has been furnace treated but not water
leached (H-STO). Blue dotted line is at 105K which is the temperature of the tetragonal
phase transition of STO.

having a somewhat metallic temperature response until just above 100K where a sudden
increase in resistance occurs. The blue dotted line at 105K shown in Figure 4.2 corresponds to the tetragonal phase transition of STO, which is also approximately the same
point the plain STO sample increases above the measurement limit. Interestingly, this
heat treated substrate sample doesn’t undergo a sudden insulator transition until ∼75K.
This seemingly corresponds, coincidental or not, to the temperature hysteresis effect of a
2DEG sample (discussed later). However, both of the samples shown in Figure 4.2 show
a dependence representing that of an AlO2 -SrO terminated surface, like that shown in
Figure 1.12(b) [101].
The AFM images from using a hot water leach and high temperature furnace treatment
(the final Ti termination technique) are shown in Figure 4.3 where a smooth surface with
little to no SrO islands results. Clear Ti termination throughout the whole sample can be
seen. A profile across the surface shows the steps are around 0.3±0.1nm in height, fairly
close to the unit cell being 0.37913nm [30].
It is important to ensure high quality epitaxial LAO growth by XRD and XRR. Two
different lasers were used in this work, an excimer and a solid state. Solid state laser used
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Figure 4.3: (a) Two dimensional and (b) three dimensional AFM images of a furnace
and hot water leaching treatment of an STO substrate, resulting in Ti termination shown
by the terrace-like structure. (c) Cross section of the same STO substrate to show the
terrace peaks.

an LAO deposition time of 120sec, with the results displayed in Figure 4.4(a)-(c). For the
excimer laser, the XRD and XRR results are displayed in Figure 4.4(d)-(f). The LAO film
in this case was deposited for 90sec, all other parameters were kept constant to that of the
solid state laser deposition. Comparatively, a very similar epitaxial growth is observed
between the two laser types.
To perform the initial x-ray analysis samples were subjected to both XRD and XRR
measurements. Displaying the x-ray intensity as a function of the diffraction angle (2θ )
in Figure 4.4(a) and 4.4(d) indicates entirely (00l) LAO growth. There are potentially impurities in the samples due to the extra peaks in seen in Figure 4.4(a) and 4.4(d), however,
these small peaks fit the position of Kβ reflections. Virtually no difference between the
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Figure 4.4: LAO/STO data for (a) full XRD scan (b) (001) XRD peak (c) XRR scan
deposited by a solid state laser. LAO/STO data for (d) full XRD scan (e) (001) XRD
peak (f) XRR scan deposited by an excimer laser.

corresponding LAO peaks (i.e. (001) in Figure 4.4(a) compared to (001) in Figure 4.4(d))
can be seen. This shows that both laser systems are equal candidates in terms of depositing high quality c-axis LAO.
The Laue oscillations of the first XRD peak, (001), have been fitted using Equation 2.1,
with the fit displayed as the dotted line in Figure 4.4(b) and 4.4(e). These Laue fringes
are caused by coherent scattering from different crystal planes. In this case the intensity
is now plotted against the momentum transfer (Q).
Table 4.1: Fitting parameters/outcomes of XRR data in Figure 4.4(c),(d). Scattering
length density (SLD) values taken from NIST [221] and data fitted by REFLEX [144].

Parameter

STO

LAO

37.387

48.133

X-ray SLD imaginary (10−6 Å−2 )

-1.699

-5.238

Roughness (SS) (Å)

8.7

1.8

Roughness (Ex) (Å)

8.9

5.7

X-ray SLD real

(10−6

Å−2 )

Thickness (SS) (nm)

10.82

Thickness (Ex) (nm)

9.32

For the solid state laser, the fit gave a lattice constant of 3.76Å and a thickness of 28u.c.
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The LAO layer is, therefore, approximately 10.53nm thick, according to the XRD data.
The Kiessig fringes of the XRR data have been fitted using REFLEX [144], with the
scattering length density values taken from NIST [221]. Fitting outcomes for the solid
state laser are shown by (SS) in Table 4.1. This gives a thickness estimate of 10.82nm and
an LAO surface roughness of ∼0.18nm. This very good matching, within 1u.c., between
the XRD and XRR data shows high quality epitaxial growth.
For the excimer XRD data in Figure 4.4(d), the best fit gave a lattice parameter 3.76Å
with a thickness of 24u.c. or 9.02nm. Fitting the XRR data, shown in Figure 4.4(e), gives
a thickness of 9.32nm and an LAO surface roughness of ∼0.57nm. Fitting outcomes for
the solid state laser are shown by (Ex) in Table 4.1. There is once again a very good match
between the thickness estimates, with the fit agreeing within 1u.c.
Comparing the two laser systems for the presented XRD and XRR data further reiterates that either laser can be used to deposit high quality LAO. The XRD peaks appear almost identical, and fitting the (001) peak gives the same lattice parameter value of 3.76Å.
This lattice parameter is measured out of plain of the film, and is reduced compared to
that of the bulk (3.787Å [30]). This suggests that the lattice is being strained in plain to
match that of the STO substrate which is 3.905Å [91]. The minor differences between
the systems are an apparent smoother LAO surface of ∼0.18nm of the solid state sample,
compared to ∼0.57nm of the excimer laser sample. On the other hand, the solid state laser
deposited 28u.c. over 120sec, or roughly 0.233u.c./sec, compared to the 24u.c. over 90
sec, or roughly 0.267u.c./sec, of the excimer. The lower power/slower deposition rate of
the solid state laser leads to a smoother LAO surface. In both laser cases the STO roughness is relatively high of 0.87nm and 0.89nm as measured by AFM in a similar fashion to
that shown in Figure 4.1 and 4.3. This suggests areas of mixed termination or large SrO
islands still occur on the surface of the STO from an incomplete Ti termination process.
While the furnaces used cannot physically reach a higher temperature, a longer treatment,
or a higher de-ionised water temperature may improve this surface.
A process has been adapted from [154, 155] which consistently Ti terminates the STO
substrate surface, and a deposition procedure for high quality epitaxial LAO is known as
well as an approximate deposition rate. The final step that remains is characterising the
electrical properties.
Typical resistance characteristic [88] for a 2DEG sample is displayed in Figure 4.5.
Strikingly different to the curves observed in Figure 4.2, the 2DEG shows a metallic
like drop in resistance from 300K to 2K. Starting at, or below, 10kΩ at 300K, the 2DEG
displays an approximate 2 orders magnitude drop in resistance by 2K. Figure 4.5 indicates
that high quality 2DEGs between LAO and STO can now be consistently created.
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Figure 4.5: Resistance characteristics of a typical high quality 2DEG sample prepared
by heat treatment and water leaching.

4.3
4.3.1

Transport properties of as grown 2DEGs

Introduction to 2DEG transport properties

Measuring the electrical transport properties including resistance, current/voltage dependence and charge carrier density/mobility is the fundamental step to characterise the
2DEG. In all electrical measurements, 4-point contacts were used to determine the transport properties of 2DEGs, as can be seen in Figure 4.6. The importance of which is
due to the extreme resistivity of the LAO causing each contact to be highly resistive. In
general a 2DEG is completely transparent, and does not detract from the optical properties of an STO substrate. The robustness of the 2DEGs conductive interface stems
from being protected by the LAO layer with the surface contamination/defects (mostly
dirt/dust/scratches) in Figure 4.6(b) causing no effect on the electrical properties.
4.3.2

Temperature dependence of resistance of the 2DEG

The linear resistance characteristics (Rxx - voltage is measured parallel to the applied
current direction) of as grown 2DEGs are displayed in Figure 4.7. Besides just metalliclike conduction, there are several other features which can be seen on a 2DEGs RvsT
123

4.3. TRANSPORT PROPERTIES OF AS GROWN 2DEGS

Figure 4.6: (a) Schematic representation of the 2DEG system with linear contacts. Black
lines indicate the highly resistive LAO layer which inhibits the current flow and act as
highly resistive contact leads. (b) Optical image of a used 2DEG sample, although the
LAO surface contains many defects (obtained post deposition) conductivity is unaffected.

curve. Firstly seen in Figure 4.7(a) is the wide variation in resistance properties even from
the same surface treatment and deposition parameters. Some differences are expected
between depositions due to small changes in background/oxygen pressure, temperature,
substrate positioning and laser energy. However, this magnitudes difference in resistance
is more likely to be due to differing substrate surface quality, which the creation of the
2DEG is so dependent upon. Both initial surface roughness and Ti termination level after
water leaching determines the 2DEG quality.
Across all samples an upturn in resistance occurs around 20K, which is labelled as α
in Figure 4.7(a). This is a common effect seen in 2DEGs deposited at high O2 pressures
and is attributed to Kondo scattering caused by localised Ti3+ ions at the interface [222].
However, this minimum has also been well described by impurity potential scattering,
brought upon by charge trapping sites in the STO substrate [223].
A second and important property is the level resistance drop between room temperature
and 2K. With the higher quality samples leading to less remaining SrO islands, a lower
room temperature resistance results which also induces a higher drop in the magnitude
of resistance. This becomes even more obvious in Figure 4.7(b) where the R(T ) has
been normalised to the maximum resistance (R(300K)). The quality difference between
samples results in a resistance drop on the order of ∼1.5 to ∼2.5 magnitudes.
A feature that is characteristic to the 2DEG system is the formation of a resistance temperature hysteresis dependent on the temperature sweep direction. Seen by the features
marked as β (∼75K) and γ (∼160K) in Figure 4.7 are two distinct resistance bumps on
the upwards sweep direction of temperature. Previously reported [224], these bumps are
believed to be related to the phase changes in the bulk STO, with the slow dynamic of nucleation and domain formation being the cause of absent evidence in the downward sweep
direction [225]. Importantly it was found depositing the LAO with low O2 (<= 10−4
mbar) results in no hysteric features [226]. This means the bumps must be an interfacial
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Figure 4.7: (a) Resistance of 3 different 2DEG samples. (b) Resistance normalised
to the maximum value (300K). (c) Resistance hysteresis caused by temperature sweep
direction. Approximately 50 measurements are taken between symbols.

phase transition effect, as 2DEGs deposited at high O2 pressures have little to no oxygen
vacancies and no STO conduction. Further support to this theory is the relaxation of the
up swept resistance to that of the down swept resistance over several hours [227].
∆R(T ) =

Rwarming (T ) − Rcooling (T )
Rcooling (T )

(4.1)

For a clearer understanding of the resistance hysteresis with temperature, the difference
in sweep directions is calculated by Equation 4.1 and displayed in Figure 4.7(c). The features labelled β and γ becoming more apparent in this plot. Similar to the magnitude of
resistance drop from Figure 4.7(b), there appears to be a relationship between the quality
of the sample and the relative size of the hysteresis peaks at β and γ. This conclusion
can be explained by the following; in work done by Goble et al. [225] polarised light
microscopy revealed striped tetragonal domains below the cubic/tetragonal STO phase
transition, which occurs at 105K in the bulk material. By using lithographically defined
bridges, extreme anisotropy resulted depending on orientation of the bridge to the tetragonal domains [225]. Using the same logic and as previously established, the quality of
the 2DEG sample is dependent on the remaining SrO islands. The size and density of
these islands determines the conductive area of the 2DEG, and, therefore, the resistance
of the sample. The paths between the SrO islands can be viewed as the patterned bridges,
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with the higher resistive sample having smaller and fewer conductive paths the tetragonal
domains are more likely to have a stronger effect i.e. causing a larger hysteresis.
To further investigate the resistance characteristics of 2DEGs it may be useful to fit the
curves with a metallic dependence. This gives an idea of the main scattering processes
intrinsic to the 2DEGs, which can be determined via the Bloch-Grüneisen formula [228]


T
R(T ) = R0 + A
θR

n Z

θR
T

0

xn
dx
(ex − 1)(1 − e−x )

(4.2)

where R0 is the residual resistance at T =0K due to defects, n determines the scattering
type, A is a constant associated with the scattering type and θR is the Debye temperature.
Depending on the different electron interactions, the resultant shape of the resistance
curve will be affected. There are generally three forms in which this scattering may be
taking place being when n=2 electron-electron interactions, n=3 s-d electron scattering
or n=5 lattice vibrations. A small upturn in resistance occurs as T → 0K for the 2DEGs
displayed in Figure 4.7. The cause of this upturn, being due to Kondo scattering, is not
accounted for by the purely metallic fit, but is well described using a universal Kondo
function [229, 230]:

RK



T
TK

= RK,0

1
1 + (2 1s − 1)( TTK )2

!s
(4.3)

where s=0.225 for spin half (electron) systems and TK determines the strength of the
Kondo upturn (the small increase in resistance of some metals as temperature tends to 0K)
[231–233]. Applying Matthiessen’s rule [234], whereby assuming the 2DEG is made up
of several scattering phenomenon, the resistance takes the form of:

2,3,5

R(T ) = R0 +

∑ Rn
n
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θR

n Z
0

θR
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xn
dx + RK,0
(ex − 1)(1 − e−x )

1

!s

1

1 + (2 s − 1)( TTK )2

(4.4)
In most cases a simplified form of Equation 4.4 which assumes the resistivity is caused
by electron-electron and electron-phonon scattering is used [226, 231–233]:
R(T ) = R0 + R1 T 2 + R2 T 5 + RK,0

1
1

1 + (2 s − 1)( TTK )2

!s
(4.5)

where R0 is a temperature independent term as aside from superconductors all materials
have a finite resistance, R1 T 2 is due to electron-electron interactions from Fermi liquid
theory, R2 T 5 is due to lattice vibrations induced from thermal energy and the RK is to
account for Kondo scattering. Note also that Ri and RK,0 are positive terms. Equation 4.5
has been used to fit the following data.
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Figure 4.8: 2DEG resistance from Figure 4.7 fitted with Equation 4.5 for (a) 2DEG 1,
(b) 2DEG 2 and (c) 2DEG 3. Corresponding contributions from each resistance term for
(d) 2DEG 1, (e) 2DEG 2 and (f) 2DEG 3.

The three 2DEGs presented in Figure 4.8(a)-(c) are all extremely well described by
the metallic model of Equation 4.5, including that of the Kondo upturn below 20K. The
individual contributions of each of the terms of Equation 4.5 are seen in Figure 4.8(d)-(f).
Above 50K Fermi liquid behaviour begins to dominate, with lattice vibrations starting
to contribute greatly close to room temperature. The highest resistance sample (2DEG
2) is dominated by on electron-electron (R1 T 2 ) contributions above 100K, although the
phonon induced resistance (R2 T 5 ) is consistent with the phonon interactions of 2DEG1
and 2DEG3. At 300K the electron-electron resistance of 2DEG 2 is ∼4–5× greater than
the electron-electron resistance of both 2DEG 1 and 2DEG 2.
4.3.3

Hall effect measurements for 2DEG carrier properties

Sheet carrier density, n (Equation 4.6), and mobility, µH (Equation 4.7), were calculated
by Hall measurements with contacts in van der Pauw configuration.
n=

Ba I
eVH

(4.6)

where Ba is applied field, e is electron charge, I is the applied current and VH measured
Hall voltage. The slope of (VH /I) as a function of Ba is determined by the linear fit at
each temperature in Figure 4.9(a).
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µH =

1
enRs

(4.7)

where Rs is the sheet resistance.
The Hall resistance (Rxy ) is calculated by application of a current and measuring the
voltage perpendicular to the applied current direction. Physically Rxy is determined with
contacts in van der Paaw configuration, the voltage is measured diagonally from application of a perpendicular current (current applied via diagonal contacts not measuring
voltage). Hall measurements were taken using two different methodologies; an equilibrium measurement where temperature is static and Ba is swept Figure 4.9, and a dynamic
measurement where Ba is static and temperature is swept Figure 4.10.

Figure 4.9: (a) Hall resistance measured from 300K to 2K swept from 2T to -2T then
-2T to 2T. (b) Hall resistance plus linear fit at 300K.

For the equilibrium measurements in Figure 4.9 constant temperature and Ba steps of
0.2T between ±2T means approximately 15 minutes for each T , ensuring equilibrium.
Generally 20K steps were used between 300K to 100K, 10K steps between 100K and
10K, with additional measurements at 5K and 2K. An example of the linear fit of 300K
is shown in Figure 4.9(b). In this case extremely linear Hall characteristics with low
associated fit error (∼1%) is observed.
The dynamic measurements (Figure 4.10) were taken at a temperature sweep rate the
same as resistance measurements, for instance Figure 4.7. This allows any transient effects (or hysteric phenomenon) found in the R vs T to be measured. The observed linearity
between ±2T established in Figure 4.9 means that a Ba of +2T, 0T and −2T may be used
for each temperature sweep and a linear fit between these used. Due to only 3 points used,
each measurement will not be as accurate as the method used in Figure 4.9(a), however,
the large amount of temperatures measured provides a higher probability for features to be
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Figure 4.10: Hall resistance swept from 2K to 300K at fixed Ba ’s. The blue dotted lines
indicate (VH /I) as a function of Ba for n calculation.

found. At each temperature, the slope between the field measurements is taken, examples
of this are shown by the blue dotted lines in Figure 4.10 at 300K, 200K and 10K.
The resulting values for n from both the equilibrium and dynamic measurements described above are shown in Figure 4.11. The corresponding fits are calculated by the
Arrhenius equation shown in Equation 4.8. Both laser types create similar 2DEGs with
n levels on par with that of previously created 2DEGs [90, 235–239] etc. Slightly different n values occur between the laser types, however, this is again likely a function of the
substrate surface quality. Comparing between the two measurement types (Figure 4.11(a)
and (c) with (b) and (d) respectively) reveals, as expected, excellent agreement in both n
values and the overall shape of the curve.
First measurements occurred using the Ba sweep (Figure 4.11(a) and (c)) to ensure extremely high accuracy for each n measurement. This is shown by the exceedingly linear
field sweep in Figure 4.9(b). However, these data result in a large apparent noise between
adjacent points. This is caused by the changing of Ba sweep direction and non-centred
contacts. Overall the Ba swept Hall measurements may appear to be noisier than the T
swept Hall measurements, however, the trend of carrier density may still be inferred. To
determine a cause of the temperature-resistance phenomenon, shown in Figure 4.7(c), the
n of two of the samples were measured in both up and down temperature sweep directions. Within the large amount of experimental noise of these equilibrium measurements
no difference in n is observed dependent on the T sweep direction. However, the aptly
named equilibrium measurements take around 15 minutes per Ba which causes twofold
problems. Firstly to record n in a realistic amount of time, a very limited subset of T
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Figure 4.11: Sheet carrier density for 2DEG samples deposited by an Excimer laser
(a) equilibrium (b) dynamic measurements and a solid state laser (c) equilibrium (d)
dynamic measurements. The transparent line of the corresponding colour shows the
Arrhenius fit, with the thickness of the line indicating the associated calculated error.

values can be used. This results in T steps of 20K between 300K to 100K, and 10K thereafter. Whilst the R hysteresis may be observed over several tens of K, only a few Ba swept
n values results in a lack of confidence in determining a hysteresis. Secondly, the R hysteresis bumps located at β and γ relax towards zero over ∼hours [227]. The equilibrium
measurements, being just that, result in several hours between comparative measurement
temperatures. In this time the structural changes would have reverted to the downwards
swept state.
To rectify the problems and to verify the results obtained for the thermal equilibrium
Hall measurements (Figure 4.11(a)), they are compared to dynamic Hall measurements
carried out by sweeping temperature up and down (Figure 4.11). In this case the exact
same sweep rate of the R measurements (Figure 4.7 for instance) was used of 3K/min.
This continuous temperature sweep could be expected to be more sensitive to slow structural modifications in STO, and hence reveal corresponding changes in carrier density.
However, the results are to a large extent identical, showing Arrhenius dependence and
only marginal irreversibility at high temperature due to progressing parasitic heating in
gradually increasing Fermi liquid like resistance of the 2DEG upon warming and its
equivalent decrease upon cooling. Any apparent ‘bumps’ occur in both the temperature
sweep directions, and are due to noise variations, hence not associated with resistance
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hysteresis phenomenon. Indeed the only any difference appears only as an offset due to
the aforementioned parasitic resistance. The corresponding fit lines are almost identical
(within calculated error) to those made for the equilibrium measurements. Any differences between the lines occurs due to the slight offset in n. The line thickness of the
Arrhenius fits in Figure 4.11 indicates the associated calculated errors. Note that above
150K the values for the experimental data and Arrhenius fits for Figure 4.11(c,d) diverge.
This is likely due to measurement artefacts from increased thermal noise (also seen in
Figure 4.11(a,b) rather than a physical reason.
These data provide strong evidence that the n(T ) freeze-out seen in 2DEG is unrelated
to the hysteric resistance bumps at ∼ 80 K and ∼ 160 K in a sharp contrast to a previous
assumption [240]. We also find no other n(T ) changes associated with the hysteretic
resistance bumps, which also contradicts a previous result [226].
In comparing the two measurement techniques the first mention must be the excellent
agreement in magnitude and shape. These values of ∼5×1013 cm−2 are almost identical to
2DEGs measured in the past deposited in similar conditions [90, 109, 120, 241], and just
below the expected 0.5e− /u.c. ≈ 3.5×1014 [0.5×(3.791×10−10 )−2 ] [104, 105]. The main
complication with Ba sweeping is the jumping observed between adjacent points caused
by sweeping the field in differing directions. This can simply be fixed by sweeping both
field directions and taking the average slope. The difficulty associated with the T sweep
measurements are the parasitic resistance caused by a continuous applied current over
time. Measuring each field T sweep several times would give the evolution of the parasitic
resistance over time. A second problem would be the minimal amount of available Ba ’s
to obtain a slope can be expected to highly increase the experimental error. However, the
nearly identical magnitudes of n suggest this is not a major problem. Both experimental
methods can be solved with time, but constraints always exist particularly on experiments
already taking tens of hours.
A final notable observation of Figure 4.11 displayed by both laser samples and measurement techniques is the appearance of a minimum value in carrier density at around
20K before a slight restoration. This n(T ) increase for 2DEG may also be related to the
enhanced scattering resulting in Kondo-like upturn in resistivity over the same temperature range [222] and α in Figure 4.7.
−EA

n(T )Arrhenius = n0 e kB T

(4.8)
−EA

n(T )Two Carrier = n1 + n2 e kB T

(4.9)

Two types of Arrhenius models to fit the carrier density data are shown in Equations 4.8
and 4.9, being a single and two carrier types respectively. Equation 4.8 being entirely thermally activated, whereas Equation 4.9 also having an additional temperature independent
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term, n1 . The non-zero carrier density introduced by n1 reduces the low temperature
fitting error of Equation 4.8 caused by the Kondo-like upturn.
Comparison of both Equation 4.8 and 4.9 fits from the data in Figure 4.11 is shown in
Figure 4.12. While the single channel model is fitted in Figure 4.11, the curves in Figure 4.12 suggests that either model could be used interchangeably with little differences
between them. It can be argued that the two carrier model fits better at low T as the introduction of a temperature independent term ensures the n(T ) does not rapidly reduce
as T →0K. However, this still does not fit the upturn in n(T ) of the experimental data.
Modelling with Equation 4.9 comes at a cost of uniform calculated error across all graphs
Figure 4.12(a)-(h). While visually the differences between these models do not appear,
the real importance of Equation 4.9 is revealed by the fit parameters in Tables 4.2 and 4.3.
Table 4.2: Arrhenius fit parameters for an Excimer and a Solid State laser deposited
samples.

Sample

Sweep type
T

Excimer
Ba

Solid
State

T
Ba

Sweep direction

Ea (meV)

n0 (cm−2 )×1013

Up
Down
Up
Down

3.14 ± 0.23
1.57 ± 0.15
1.91 ± 0.29
2.70 ± 0.63

8.79 ± 0.19
6.58 ± 0.11
7.22 ± 0.28
7.80 ± 0.58

Up
Down
Up
Down

0.84 ± 0.07
0.99 ± 0.06
0.96 ± 0.16
0.95 ± 0.18

4.05 ± 0.04
4.30 ± 0.04
4.13 ± 0.13
4.22 ± 0.15

While all values for n0 in Table 4.2 are of reasonable magnitude, this is expected from
the nature of Equation 4.8. This model may be rebuked from values for Ea which are
2-5 times lower than expected [223, 236, 242]. If the 2DEG was a single carrier system a much larger reduction of n(T ) as T →0K would be required to increase the EA
significantly.
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Down

Two carrier
Measurement

(h)

Figure 4.12: Comparison of the two different carrier density fits being Arrhenius and
two carrier, and with ’Up’/’Down’ referring to the temperature sweep direction. (a)-(d)
For a sample deposited by an excimer laser and (e)-(h) for a solid state laser. Respective
experimental data is also plotted for all (a)-(h).
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Table 4.3: Two carrier fit parameters for an Excimer and a Solid State laser deposited
samples. Value for n1 was fixed to the 2.3×1013 cm−2 .

Sample

Sweep type
T

Excimer
Ba

Solid
State

T
Ba

Sweep direction

Ea (meV)

n2 (cm−2 ) ×1013

Up
Down
Up
Down

6.03 ± 0.50
2.80 ± 0.15
3.79 ± 0.65
4.94 ± 1.53

7.19 ± 0.27
4.36 ± 0.14
5.25 ± 0.35
5.83 ± 0.82

Up
Down
Up
Down

2.41 ± 0.28
2.70 ± 0.03
2.93 ± 0.78
2.79 ± 0.78

1.80 ± 0.07
2.07 ± 0.07
1.93 ± 0.22
2.01 ± 0.23

Examining the fitting parameters for the two carrier model in Table 4.3 reveals a clearer
picture into the nature of the analysed 2DEG systems with the EA being much closer to
expected [223, 236, 242]. No doubt optimising the value for n1 , which was fixed to
the minimal value for n(T )≃2.3×1013 cm−2 , and modifying the fitted temperature region
would further improve the accuracy of the fit values. Furthermore, the second carrier type
is considered temperature independent to account for a multi-band in the simplest way,
which may not be true. However, importantly these findings reveal that the deposited
2DEGs are a multiple carrier system. Oxygen vacancies making a significant contribution to the conduction in 2DEGs [90, 236] is often found and revealed by the extremely
high (>>0.5e− /u.c. - the theoretical electron limit in the polar catastrophe model) of
some work [88, 90, 109, 224]. However, oxygen vacancies are not expected for samples
deposited at such a high O2 deposition and annealing pressures. This reveals that an even
higher O2 pressure may be required.
Single channel fit Hall mobility from Figures 4.9, 4.10 and Equation 4.7 is shown in
Figure 4.13. Typical shape to the curves is experienced in all cases with magnitudes
on the lower end of previous work [88, 90, 109, 120, 224, 241], with maximum values
generally between 102 –104 cm2 V−1 s−1 . Naively, the low µH values in Figure 4.13 could
be assumed poor quality samples. However, in all cases with high µH from previous
work has incorporated low O2 partial pressure and/or little to no oxygen annealing. This
means that samples have a high amount of oxygen vacancies which contribute to 2D
interface conduction as well as 3D bulk conductivity into the substrate, e.g. Figure 1.16.
A difference in the sweep directions for the Excimer sample is observed solely for the Ba
swept case in Figure 4.13(a) for low temperatures. However, as this is not reproducible in
other samples, nor by sweeping the T it is almost certainly a measurement error.
The sheet resistance of the 2DEG is highly dependent on the measurement technique,
Figure 4.14(a,b). As Rs is normalised to the measurement area, these values should be
identical. Measuring in van der Pauw configuration generally shows a consistent increase
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Figure 4.13: Hall mobility for 2DEG samples deposited by an Excimer laser (a) dynamic (b) equilibrium measurements and a solid state laser (c) dynamic (d) equilibrium
measurements.

in Rs , particularly at lower temperatures. This brings into conjecture the possibility of the
measurement technique affecting the n results in Figure 4.11(c,d) where no resistance
anomalies where recorded. However, similar hysteresis effects are observed by both
measurement techniques, which should, therefore, translate to sweep dependent carrier
densities. While a complicated solution may be contrived by examination of the current
distribution in Figure 2.4, the true answer is in fact much easier. Looking at the T swept
Hall data of Figure 4.10 if the hysteretic bumps occur at each set Ba , these bumps will
be removed when taking the slope. This means the slope is independent of temperature
sweep direction, and, therefore, so is n. A similar argument can be made with the Ba
swept data. As contacts in this work are imperfectly aligned an offset to the Hall data occurs, which is the reason for needing multiple fields to obtain a value for the slope. This
argument breaks down where there are perfect contacts, therefore, no Hall offset occurs
and only one slope is needed. This would mean the slope would be affected by hysteretic
bumps and so would n, which may explain the sweep dependent n in for instance [226].
However, with perfect contacts it may be the case that the ‘zero’ offset displays the hysteretic features, in which case the bumps would be removed once more when taking the
slope. Therefore, all results point towards no n hysteretic bumps dependent on sweep
direction.
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Figure 4.14: Difference in Rs (a) and (b) and R hysteresis (c) and (d) depending on the
measurement technique.

Figure 4.15: High applied field Hall measurements for an as grown 2DEG sample from
(a) 300K–100K and (b) 50K–10K.

Further evidence supporting two carrier types in these 2DEGs is observed in the high
applied magnetic field (±9T) Hall measurements shown in Figure 4.15. Opposed to the
entirely linear measurements of Figures 4.9, which are measured between a much nar136
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rower range of ±2T. While the Hall slope of the 2DEG in Figure 4.15 is itself fairly
linear, some non-linearity starts to appear at and below 100K, which is approximately
the location of the partial carrier freeze-out and where the temperature independent term
of Equation 4.9 begins to affect the n calculation. Above this temperature, linearity is
observed up to ±9T, as expected for this system [242, 243].
For non-linear Hall data a two electron band channel fit is required [242, 243], which
is shown by:
Rxy (Ba ) =

Ba (n1 µ12 + n2 µ22 ) + (n1 + n2 )(µ1 µ2 Ba )2
e (n1 µ1 + n2 µ2 )2 + (µ1 µ2 Ba )2 (n1 + n2 )2

(4.10)

For the LAO/STO 2DEG system, Rxy is the Hall resistance, the parameters n1 , µ1 represents carrier density/mobility for metallic carriers and n2 , µ2 carrier density/mobility for
oxygen vacancies.
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Figure 4.16: Example of the process to obtain the four unknown values for Equation
4.10 using the Hall resistance. The fitting parameters are displayed in the tables starting
in the top right. When a variable has an error of 0 it is an intentionally fixed parameter of
the fitting process. The arrows indicate the process of fitting, ending with four variables
with associated fitting error.

An example of the non-linear Hall fitting process using Equation 4.10 is displayed in
Figure 4.16. A major difficulty with using Equation 4.10 with all data obtained is that
no sample displayed extreme non-linearity. This meant fitting an equation with four unknowns to a mostly linear curve, which gives essentially infinite possible solutions. In all
cases when fitting the calculated error for all four unknowns was 5 orders of magnitudes,
or higher, larger than the ‘actual’ value. To be able to extract any useful information from
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the clearly present two electron bands, the region between ±2T is first fitted with a single
channel model. As this region is perfectly linear, reasonable values for n1 and µ1 can be
approximately found. Fixing the value for µ1 means an equation with only 3 unknowns,
with this restriction the calculated error is already significantly reduced. With initial values of n1 , n2 , and µ2 , a more accurate value with calculated error for µ1,2 is sought by
fixing n1 and n2 . Similarly, fixing µ1,2 to obtain more accurate values for n1,2 with error,
gives four values with a reasonable calculated error. While this method may not give
exact values, with the maximum available Ba being ±9T it is impossible to produce a
higher level of non-linear graph, hence being the only possible option. For a comparative
study between samples, this method appears to be viable with the values obtained being
reasonably similar to other non-linear Hall work [242].

Figure 4.17: High Ba Hall measurements for both an (a) Excimer and (b) Solid State
laser samples with the corresponding two channel fits shown as solid lines.

Further low temperature studies for Hall resistance up to ±9 T between 2 K and 50 K
where the non-linearity is the highest is displayed in Figure 4.17. All 2DEG samples
showed similar curves, and symmetry between positive and negative fields. However,
these two samples were selected to be shown as to once more examine the robustness
between deposition lasers, to compare to the linear Hall data in Figure 4.11, and as these
samples displayed a decent amount of non-linearity compared to for instance Figure 4.15.
Small differences in Hall slope/shape is evident of very slight, and unintended, discrepancies between substrate surface quality and deposition parameters including post annealing. These small differences cause variations in both metallic carries and oxygen
vacancies.
For both samples in Figure 4.17 linearity is generally observed up to ±4 T, although
this changes with temperature. The non-linearity at higher fields and particularly at intermediate temperatures (10 K and 20 K) is similar to that observed previously [222, 242],
and indicates a two-band model with two electron-like channels possessing different car138
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rier mobilities and concentrations [242–245]. Indeed, both non-linear Hall results fitted
following [242] and two-carrier Arrhenius fit [Figure 4.12 and Table 4.3] provide the same
order of magnitudes for both carrier types: n1 and n2 ∼ 1 × 1013 cm−2 .

Figure 4.18: Result of the calculations from Equation 4.10 for both carrier (a) density
n1,2 and (b) mobility µ1,2 with y-axes both in log scale. Comparison of the two fitting
techniques (linear and non-linear) for carrier (c) density and (d) mobility with y-axes
both in linear scale. Note that only a single band from (a, b) is shown in (c, d) as these
show the best comparison.

The resulting n and µH from fitting Equation 4.10 and the process described in Figure 4.16 gives the values shown in Figure 4.18(a,b). These values are both on the order
of magnitude as expected and close to that of other non-linear Hall fitting studies [242].
Interestingly, while the values for n1 are approximately the same n2 , varies vastly between
samples. Oxygen vacancies can arise from both low oxygen pressures, the PLD process
[107], electronic and chemical reactions from impinging adatoms from the plume [246,
247], or even the UV radiation from the plume itself [248]. The oxygen vacancy dependence on the laser is likely the reason as to why the values for n2 vary so greatly between
lasers when all other deposition conditions remain the same.
The aim of this section was to explore the charge carrier characteristics of as grown
2DEGs. While the obtained Hall data proved that the 2DEGs measured contain multiband conduction, comparison of the single and two carrier Hall fits in Figure 4.18(c,d)
reveals slightly different values but remarkably similar shapes of n, µ for the corresponding samples. Hence while the single carrier Hall fit may not be 100% accurate, as the
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presented 2DEGs have already proven to contain multi band carriers, it provides approximately equal values to the more error ridden two carrier Hall fitting technique. In particular the predicted values for µ1 are vastly different even for almost identical values of
n1 , for example 20K for the solid state sample. Unlike the single channel model (Equation 4.7), Rs is not taken into account in Equation 4.10 which likely explains these large
differences, but similar shapes.
4.3.4

2DEG bridge developing techniques for locally defined electrical
measurements

Apart from a functioning 2DEG, the next important step in development of useful electronic devices is well controlled bridge definition. Unfortunately, Ar-ion beam etching
directly to the STO induces oxygen vacancies and causes the substrate to become highly
conductive [118, 119]. The first and most realistic method of bridge creation came from
Schneider et al. [120] and is described in Figure 1.20. While this is an effective creation technique, there are small problems associated with it, particularly with available
technologies. The first problem being the requirement to deposit 2u.c, which requires
either trial and error or RHEED equipment. As RHEED is not available in this work, this
problem is localised. Without this technology the temptation would be to apply lithography to an as received Ti-terminated STO substrate before deposition of amorphous LAO.
However, this runs the risk of damage to the pre epitaxially grown surface, particularly
with further miniaturising of bridge sizes. The second, global, problem is two epitaxial LAO depositions dramatically increasing the time requirement. While this may not
be detrimental to the usefulness of 2DEGs, it certainly reduces the appeal. Realistically,
modifications to this lithographic method are required for this 2DEG project to be viable.
The lithographic technique for bridge creation in 2DEGs is described in Figure 4.19(a).
This modified technique incorporates the Ti terminating procedure of STO and has several
advantages to the old method. Firstly the Ti-terminated surface remains completely untouched as lithography/a-LAO deposition occurs before furnace treatment. Furthermore,
only one epitaxial LAO deposition occurs and this does not depend on a difficult PLD of
2u.c. The drastic difference in surface quality of the epitaxially and amorphous grown
LAO is clear from Figure 4.19(b). Small impurities can be observed on the surface of the
bridge, likely from dust/pollutants between deposition and AFM measurements.
The RS of the 2DEGs with bridges are observed in Figure 4.20, with the large spread
of properties of plain films a potential solution to the large spread in the bridge samples.
While still metallic-like R temperature dependence, the thinnest bridge (50µm) shows
uniformly the highest RS . Most likely resulting from incomplete surface termination,
i.e. de-ionised water was not at a sufficiently high temperature. As the width of the
bridge converges to the size of the SrO terminated insulating islands, the more negative
the relative impact is to the 2DEG properties.
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(a)

(b)

Mixed
termination
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a-LAO
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Figure 4.19: (a) Modified lithographic technique for bridge creation in this work. Orange represents the substrate, purple the photoresist, blue the amorphous LAO and green
the epitaxial LAO. (b) AFM image of defined bridge showing smooth epitaxial (conductive interface) and rough amorphous LAO (insulating interface) growth.

Figure 4.20: Sheet resistivity of different width bridges (1mm, 0.5mm and 50µm) compared to the two as grown films (2DEG 1 and 2DEG 2) from Figure 4.7(a).

From experience, lift-off lithography has a worse resolution compared to standard etching processes. The fine structures of photoresist mounds tend to ‘develop off’ as bridge
width → photoresist height ∼1.3µm with current photoresist parameters. Another negative feature with this lift off technique is that it occurs prior to deposition, which may

141

4.3. TRANSPORT PROPERTIES OF AS GROWN 2DEGS
affect the surface Ti termination of the STO substrate. Direct bridge creation to the LAO
surface could potentially be achieved once more by etching. However, etching is not
possible due to the induced substrate conductivity from oxygen vacancies.

Figure 4.21: Ideal metal fit of (a) 1mm and (b) 0.5mm 2DEG bridges, with the corresponding contributions from Equation 4.5 in (c) and (d) for 1mm and 0.5mm respectively

Fitting of the bridge resistance from Figure 4.20 using Equation 4.5 is displayed in Figure 4.21. Linear temperature dependence of the 50µm width bridge meant the fit did not
converge. Unlike the plain 2DEGs from Figure 4.8 which were completely dominated
by the Fermi liquid term, both Fermi liquid and Bloch theorem terms both potentially
dominate at higher temperatures. Almost identical levels of R2 T 5 are observed between
the 1mm and 0.5mm bridges. This means that the electron-electron interactions are significantly suppressed in the lower resistance 1mm bridge, compared to 0.5mm. As these
bridges have been deposited on the same substrate it is unsurprising lattice vibration contributions are the same.
A potential solution to the etching dilemma is epitaxial deposition of STO on a different
substrate before in situ deposition of LAO. With proper substrate choice, induced conductivity can be avoided. This provides a direct patterning technique with the only condition
etching through the entirety of the deposited STO layer. However, after depositions in the
range of 780◦ to 800◦ and 10−4 mbar to 300mbar and additional substrates of Si, YSZ and
STO, correct growth of STO could not be obtained. AFM images (Figure 4.22) shows
that the surface of the STO being extremely rough and island-like. So this is left open for
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Figure 4.22: Poor crystallographic, island-like, growth of STO on top of (a) LAO and
(b) MgO substrates.

other potential studies.
Hence for the rest of the 2DEG work bridge definition occurred through the lithographic
process described in Figure 4.20.
4.3.5

Summary of 2DEG transport properties

The preceding section explored the electrical properties of the 2DEG. The 2DEG is characterised by a resistance which drops by approximately two orders of magnitudes between
300K and 10K. A further 2DEG characteristic is a relatively high charge carrier density
of ∼1013 cm−2 and mobility of up to ∼104 cm2 V−1 s−1 . The measured values of electric
properties determine the quality of the conductive interface. Utilising this knowledge can
predict both the SrO island coverage (high resistance ∼100kΩ) and oxygen vacancies in
the substrate (3D conductivity causing high carrier density >∼1014 cm−2 ).

4.4

Changes of 2DEG characteristics by use of a gate
contact

4.4.1

Introduction to capping layers and 2DEG band structure

It has long been known that the surface of the LAO highly dictates the interfacial properties of the LAO/STO system [125–129]. The surface of the LAO may be modified by
deposition of a capping layer (additional material deposited on top of the LAO). With
the possibility of increasing [125] or decreasing [130] the available charge carriers at the
LAO/STO interface, it is extremely important to select the LAO surface layer for the
desired interface properties when creating bilayers, superlattices etc.
Deposition of a capping layer on top of the LAO interacts with the in-built 2DEG
electric field, which is predicted by the polar catastrophe model. The capping layer/polar
catastrophe field interaction being the origin of the capping layer caused charge carrier
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density modification. The material dependent capping effect is shown in Figure 4.23
where STO increasing the electron density but YBCO induces the opposite effect. In the
previous sections of this report this capping effect did not need to be taken into account
as four point contacts were used. Any modifications to the contact point zone will act
as a modifier to the lead resistance, which is removed by use of four contacts. On the
other hand if two contacts were used (voltage and current applied to the same contact) the
lead resistance would be measured, and the interface carrier density modification (along
with the highly resistive LAO) would be measured. For the following sections, however,
the modification of interface charge carriers becomes paramount due to the gate contact
deposited between the voltage contacts. The region where the potential difference is being
measured is now being affected, and it is already known that gold will suppress the 2DEGs
charge carriers [131].

Figure 4.23: The effect of differing capping layers on top of the LAO. This may result in
an increase [125] or a suppression [130] of the carrier density depending on the capping
material.

4.4.2

Energy levels for LAO, STO and BFO

To create energy level diagrams, the following definitions of the relevant electrostatic
properties are required;
≻ ΦCNL is the charge neutrality level below vacuum. This is the position required
of the Fermi level for the surface to be uncharged. Also a measure of the mean
electronegativity (ability to attract electrons) [96].
≻ CNL is the charge neutrality level above the valence band,
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≻ Eea is the energy released when an electron is bonded and is defined by the difference between Evac and Ec
≻ Eg is the gap between the valence and conduction bands.
≻ Work function, φm , of a metal is the difference in potential energy between Evac and
EF .
The material dependent capping layer effect may be determined by investigating the
energy band diagram of X/LAO/STO, where X is the additional material deposited on top
of the LAO. The important information to note is the relative differences between the materials of the values in Table 4.4, which determines the effect on the intrinsic electric field
of the LAO/STO system. Taking values from [96], important energy level information is
displayed in Table 4.4 for LAO, STO and BiFeO3 (BFO - a gate dielectric material used).
Table 4.4: Energy levels for STO, LAO and BFO.

Parameter

Formula

STO

LAO

BFO

Band gap

Eg (eV)

3.3

5.6

2.77

Electron affinity

Eea (eV)

3.9

1.3

1.9

Charge neutrality level above valence band

CNL (eV)

2.6

3.8

0.97

Charge neutrality level below vacuum

ΦCNL (eV)

4.6

3.1

3.7

Optical dielectric constant

ε∞

6.1

4.0

9.7

Schottky pinning parameter

S

0.28

0.53

0.12

With a sufficiently large difference in work function (Φm ) and electron affinity (Eea )
at a metal and semiconductor/insulator junction respectively, a Schottky barrier (ΦB ) will
occur. The formation of ΦB is a result of the movement of electrons from the semiconductor/insulator to the metal leaving a positively charged depletion region. For the
electrons to flow from the metal to the semiconductor/insulator a potential barrier must
now be overcome [249]. A characteristic behaviour of devices with a Schottky junction is the rectification of current, as the potential barrier inhibits the flow of electrons
in one direction (from metal to semiconductor/insulator). The height of ΦB is given by
ΦB = S(Φm − ΦCNL ) + (ΦCNL − Eea ), where ΦCNL is the charge neutrality level below
the vacuum, and S is a dimensionless Schottky pinning parameter. S is a characteristic
value of the semiconductor in the junction which determines the level of charge flow [96].
Tersoff [250] proposed (and found by [251]) that S depends on the optical dielectric constant ε∞ such that S = (1 + 0.1(ε∞ − 1)2 )−1 . Shown in Table 4.5 are Φm ’s, and therefore
ΦB ’s, of typical metal contacts used throughout the capping of the 2DEG system.
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Table 4.5: Work functions and Schottky barriers of commonly used contacts. Data
mostly taken from [252].

Capping Layer

Φm (eV)

ΦSTO
B (eV)

(eV)
ΦLAO
B

ΦBFO
B (eV)

Au

5.1

0.84

2.85

1.96

Pd

5.12

0.84

2.86

1.97

Ag

4.26

0.61

2.41

1.87

YBCO

5–6 [253]

0.81–1.09

2.80–3.33

1.95–2.07

The large ΦB ’s in Table 4.5 ensure Schottky barriers will form for all the common
metallic contacts used on top of the LAO. For the 2DEGs with Au, Pd, Ag, or YBCO
contacts, current rectification and disruptions to the intrinsic electric field will occur. On
the other hand, if a metal/LAO junction with ΦB ≈ 0 eV (would require a Φm lower
than currently possible [254]) then charge may flow in both directions (metal to 2DEG or
2DEG to metal) freely.
In the band theory of solids, the energy bands of all materials can be referenced to
the same point Evac (Figure 4.24a). When two materials come into contact the resultant energy levels undergo an equilibrium process. For the LAO and STO interface this
equilibrium occurs by EF pinning [255, 256] (Figure 4.24b). Fermi level pinning is the
alignment of the Fermi levels in a metal insulator junction. At this junction the EF of
the metal is relatively unchanged, and the EF of the semiconductor becomes fixed at this
level [257]. To accommodate the discontinuous energy levels the remaining energy bands
bend [84] (Figure 4.24c). The values in Tables 4.4 and 4.5 allow quantitative energy level
diagrams to be created.
The energy level properties of LAO and STO are recorded in Table 4.4 and schematically displayed in Figure 4.24.
The effect of the Schottky barrier on the 2DEG can be seen by the band alignment
shown in Figure 4.24. This Schottky barrier interacts with the 2DEG by introducing an
electric field, which affects the built in field predicted by the polar catastrophe model.
This ΦB electric field causes a depletion zone in the channel beneath it. As typical 2DEG
samples have LAO thicknesses less than that of the Schottky barrier band bending thickness (xb = (2ε0 εr ΦB /ne)0.5 ) [84] it can be assumed a linear electric field gradient across
the LAO occurs.
Figure 4.25 displays the exact same sample before and after depositing an Au contact
(sample schematically similar to Figure 4.23 with the YBCO replaced with Au) by PLD
at room temperature. After Au deposition, a severe 2DEG degradation has occurred with
more than a magnitude increase in resistance occurring across 10-300K. The cause of the
2DEG degredation being the induced effective potential difference from the Au capping
layer. A second potential cause of the resistance increase of the 2DEG from deposition
of an Au gate contact could be due to a process during deposition (namely impinging
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Figure 4.24: (a) Quantitative energy levels of STO, LAO and Au revealing band structure of the bulk, isolated materials. (b) When these materials come into contact energy
levels shift that that the Fermi level aligns (EF pinning). (c) To ensure the interfaces are
continuous, band bending occurs near the interface [255, 256].

Figure 4.25: The result of and prior to deposition of an Au gate contact between the
existing voltage contacts on a 2DEG on (a) resistance, (b) normalised resistance, and (c)
in plane magnetoresistance.

147

4.4. CHANGES OF 2DEG CHARACTERISTICS BY USE OF A GATE CONTACT
adatoms diffusing towards the LAO/STO interface). Typical mean energies of impinging
materials of PLD is of the order of a few eV [258]. The Stopping and Range of Ions
in Matter (SRIM) [259] simulates the penetration depth of impinging ions onto a target.
Up to 10eV SRIM indicates that Au will penetrate LAO (density 6.52g/cm3 ) 4Å(about
1u.c.). The thickness of the LAO layer in the measured 2DEGs is 120Å. Hence impinging
adatoms from PLD would not cause the resistance increasing effect in Figure 4.25. Indeed
even 100eV Au ions (much greater than the mean energy of PLD adatoms) penetrate the
LAO only 9Å.
Charge carrying properties dependence on a deposited capping layer have been completed in [260]. This has been found by equating the assumed linear polarisation across
the LAO, so that eP = e2 ∆n and the overall change in carrier density (∆n = n of 2DEG n of 2DEG with capping layer) caused by the capping layer is given by [260]:
∆n ≈

ε0 εrLAO
[ΦB − ∆Ec ]
e2 d LAO
p

(4.11)

where ε0 = 8.854×10−12 Fm−1 is the permittivity of free space, εrLAO = 18 is the dielectric constant of LAO, d LAO
∼ 10nm is the thickness of LAO, ΦB = 3.8eV and
p
LAO
STO
∆Ec = Eg − Eg + Ei − ∆Ev is the change in the conduction band. As ∆Ev ≈ 0eV
and the energy offset Ei ∼ 0.3eV [261], ∆Ec ≈ 2.6eV. For the deposited 2DEG samples in this work gives a ∆n ∼ 1.2 × 1013 cm−2 for the Au capping layer used, and is
approximately the same for a Pd contact (another common metal used). This ∆n is of
the same magnitude of the n measured throughout the 2DEG samples. Hence the large
reduction in available charge carriers is the cause of the dramatic increase in resistance of
Figure 4.25(a).
Not only changing the magnitude of resistance, but also the 2DEG resistive properties
are altered by adding a gate contact. By normalising the resistance to the resistance at
300K, it can clearly be seen that R reduces less effectively compared to the plain sample
case Figure 4.25(b). As with many other 2DEGs, the resistance drops by ∼2 orders of
magnitude by 10K. However, upon deposition of an Au capping layer the 2DEG resistance only drops ∼1 order of magnitude at it’s minimum value ∼50K. Furthermore, an
introduction of a very large Kondo-like increase in resistance below 50K occurs as a result
of the capping layers influence via a modified electric field. This does, in some way, fit the
results of other 2DEGs, e.g. shown in Figure 4.7, where the higher the resistance curve,
the higher the apparent Kondo resistance increase. This increase in resistance also begins
at a much higher temperature than a plain film, 50K compared to <20K respectively. The
cause of which due to a higher relative scattering of charge carriers (lower carrier density
- more scattering).
The magnetoresistance, MR, of a 2DEG, plus its effect by a gate contact is calculated
by:
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MR =

R(Ba ) − R(0T)
× 100%
R(0T)

(4.12)

and shown in Figure 4.25(c). Before sweeping magnetic field for the MR measurements, 0T was measured 100 times to remove transient resistance effects. The time taken
to complete these first 100 measurements was found to effectively bypass the logarithmic increase in R over time with the initial applied current. After this point, transient
increases in R (due to slight temperature instabilities and long wave temperature waves)
are minimised. Typical in plane 10K MR is observed for the plain 2DEG film [133] in
Figure 4.25(c), with a symmetric change of ∼-2% at ±5T compared to no applied field.
The rounded curve around 0T in Figure 4.25(c) is common for films deposited at high
PO2 , as opposed to a positive sharp ‘V’ shape of low PO2 films [262]. The negative MR
seen across all Ba is suggestive of ferromagnetic scattering centres during electronic phase
separation as the scattering has become more coherent [133] or by spin-orbit/spin-flip interactions [108, 220]. A final point that should be covered is the potential for impurities
created during LAO deposition causing magnetic effects. Similar to the two electronic
bands in the carrier density measurements, electronic and chemical reactions from impinging adatamos from the plume [246, 247], or even the UV radiation from the plume
itself [248] may produce oxygen vacancies in the STO substrate, which may affect the
MR measurements also, as well as the resistivity.
Contrastingly, the MR of the same film with the deposited Au gate shows that the capping layer has completely removed the magnetic effects of the 2DEG. The open circles in
Figure 4.25(c) show an almost flat curve between ±5T with the high noise level caused
by the increased resistance. Therefore, Au capping may destroy both electronic and magnetic properties of the interface. This was consistent for all 2DEG samples with Au gate
contacts deposited.
4.4.3

Changes to 2DEG characteristics from a temporary YBCO top gate contact

Introduction of a superconducting film on top of the 2DEG brings together two materials
with an incredibly vast range of properties. Combining these two subjects creates new
possibilities in electronics, magnetism and a conjunction of both, for example π Josephson junctions [263]. A π junction occurs when the phase of the superconducting current
undergoes a shift of π across a Josephson junction. The π phase shift is induced utilising
two superconductors of different order parameter symmetries. In the 2DEG/YBCO system, the s-wave 2DEG [264] coupled with the d-wave YBCO [263] and the LAO as the
insulating barrier could form a π junction.
YBCO has been used as a capping layer previously, however, in the function of a gate
contact only [122]. This is because the large Schottky barrier (Table 4.5) causes a depletion region in the 2DEG below the YBCO, which is detrimental to the 2DEG properties.
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Matching the Φm of a different superconductor to the Eea of LAO may make a combination of the properties possible. Note that below the Tc of a superconductor the material
will still have a Φm . Indeed for YBCO the Φm has a discontinuous temperature slope
change around Tc , however, the absolute value of Φm is almost unchanged [265]. The Φm
of YBCO indicates that both above and below Tc a φB will still likely occur.

Figure 4.26: Definition of denotation of the different YBCO structures used. The YBCO
is a bulk piece either between contacts named ’YBCO’ or attached to one (current and
voltage) contact ’YBCO Contact’.

Definition of the structured YBCO contacts samples used in this section are described
by Figure 4.26. Where a YBCO film was contacted to different sections of the same 2DEG
sample. This 2DEG being deposited in PLD by an excimer laser with a thickness ∼10nm.
Films denoted ‘Plain’ have no YBCO present, ‘YBCO’ indicates the same 2DEG with a
YBCO film in contact with the LAO surface and ‘YBCO Contact’ meaning the YBCO
film is touching the contacts/LAO surface with ‘YBCO Contact Pos’ or ‘YBCO Contact
Neg’ informs which current polarity (Figure 4.27). Note this YBCO is not deposited,
it is simply a separate film placed in physical contact with any of the three positions of
Figure 4.26.
While change in resistance is not as drastic as deposition of a gate contact layer (Figure 4.25(a)), a difference in resistance is still observed in Figure 4.27. Note that this is
just from contacting the LAO surface with a high work function material. Also detected
in Figure 4.27 for the ‘YBCO Contact’ sample with a diode like effect, as the YBCO is
acting as a Schottky barrier contact, rather than just depleting the 2DEG. This causes a
current polarity dependent resistance. In neither of the YBCO sample cases do any effects
appear at or below the Tc of the superconductor ∼90K. This shows that this capping effect
is not unique to the YBCO, but could occur with any large work function materials. The
Schottky barrier dependent resistance of ‘YBCO Contact’ has a slight temperature dependence, with the positive current polarity in particularly showing the resistance tending to
the plain film at high temperatures and that of the ‘YBCO’ sample at lower temperatures.
This is likely a function of a temperature dependent ΦB , which has been shown to depend
on T in other materials [266].
Displayed in Figure 4.28 are results for 300K and 10K only as all temperatures were
consistent between these values. The differences observed in Figure 4.28 are consistent
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Figure 4.27: Effect of the YBCO on top of the 2DEG to R, also shown is ’Pos’ and
’Neg’ being positive and negative current respectively.

Figure 4.28: IV characteristics for (a) 300K and (b) 10K explaining the results of R for
Figure 4.27.

with that shown by the resistance changes in Figure 4.27. The magnitude of the slope in
generally higher when YBCO contacts the LAO surface in some way (higher resistance).
The ‘YBCO’ sample with the film in the middle of the LAO reveals an increased voltage
slope corresponding directly to the increase in resistance. Apart from the magnitude of the
‘YBCO’ slope, the shape is identical (linear) to the plain 2DEG samples. This is expected
as the YBCO would not contribute directly to the conduction, and, therefore, no Schottky
barriers occur. The only interaction that occurs is the depletion of the 2DEG beneath the
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YBCO. It is therefore expected that the reduction of carriers would have a higher slope,
but still linear IV curve.
On the other hand, by connecting the YBCO film to the already present Pd/Au contacts gives a clear temperature and current polarity dependent voltage response in Figure 4.28(a) and (b), confirming the results from Figure 4.27. The diode like effect of
‘YBCO Contact’ is seen by the differing slopes depending on whether positive or negative current is applied. The negative current tends to be the same slope and shape as the
plain 2DEG regardless of temperature. However, positive current is approximately equal
to the ‘YBCO’ sample at 10K and decreases in relative magnitude of the slope to that
of the plain film as T increases to 300K. This is exactly what is observed from the R-T
curves of Figure 4.27.

Figure 4.29: In plane magnetoresistance measurements for an as grown 2DEG (open
symbols) and YBCO/2DEG (closed symbols).

The MR has been calculated using Equation 4.12 for the plain ‘2DEG’ and ‘YBCO’
sample, and is presented in Figure 4.29. Once more for MR measurements 0T was measured 100 times to remove the majority of the transient resistance effects before sweeping
field for each temperature (approximately one hour of current application), this time being
measured at 2K, 5K and 10K. Typically the magnitude of the MR tends to increase with
decreasing temperature [108, 133], which is also seen in Figure 4.29. All temperatures
show a very similar symmetric shape to the MR, with only the magnitude changing.
Similar to results of Figure 4.25(c), the YBCO capping provides a significant suppression to the magnetic effects of the 2DEG. However, with consistency to the depletion of
Figure 4.27, the suppression of the MR is not as drastic as depositing the contact, with
some negative MR still occurring. Once the YBCO has been removed the R and MR of
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the sample is restored to the 2DEG properties.
The magnetisation, M(H), of materials can be estimated from the MR by:
R(Ba ) − R(0T)
∝ −M(H)2
R(0T)

(4.13)

This is a generalisation from spin-scattering models [108]. This model is ascribed to
systems where the magnetic behaviour is due to interactions between localised magnetic
moments with conducting electrons, which is believed to happen for the 2DEG [108].
Utilising this expression, one may obtain values for M(H) to determine its temperature
dependence. These calculations are displayed in Figure 4.30.

Figure 4.30: As grown 2DEG (a) Magnetisation inferred from the quadratic dependence
of MR (Equation 4.13), (b) susceptibility χ derived from the M (dM/dH = χ) and (c)
inverse susceptibility fitted with the Curie-Weiss law (Equation 4.14).

The magnetisation of a plain 2DEG sample is estimated from Equation 4.13 using the
MR data in Figure 4.29. The values of M for 2K-10K are presented in Figure 4.30(a).
Unlike a previous study [108] where a significant difference in the behaviour of M with
temperature is observed, there is minimal change between the 2K and 5K M curve, before
a significant decrease in the gradient at 10K. The differences in Figure 4.30(a) are likely a
function of deposition conditions, as this highly affects both the resistance and magnetic
properties of the 2DEG. Taking the derivative gives dM/dH = χ, the susceptibility, and is
displayed in Figure 4.30(b). In the low field regime the slope of M is expected to be linear,
which translates to an approximately constant derivative. Conforming to the curves in
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Figure 4.30(a), the χ of 2K and 5K are barely distinguishably before dropping off slightly
at 10K. The average of the stabilised χ (fitted above 2T), as well as the standard deviation,
is displayed as an inverse in Figure 4.30(c). From the Curie-Weiss law, Equation 4.14, the
temperature offset Θ can be determined.
Cw
(4.14)
T +Θ
where χ is the susceptibility, Cw is a constant, T is temperature and Θ is the temperature offset. The inverse χ is somewhat the expected linear curve at low temperatures.
Fitting of Equation 4.14 (Figure 4.30(c)), gives a temperature offset of Θ = (17.4±6.3)K.
The expected linear curve of χ −1 sits outside the experimental error values, which causes
the large ∆Θ. This value is an order of magnitude larger than another study (Θ = 0.5K
in [108]), however, both consistently offset the temperature negatively (negative temperature y-axis crossing), indicating antiferromagnetism. The Ruderman-Kittel-KasuyaYosida model of itinerant ferromagnetism [267] describes a coupling between magnetic
moments and electron spins of the conduction electrons. In this model ferromagnetic
alignment of localised spins is possible when a local antiferromagnetic interaction occurs
between fixed and delocalised spins [108].
χ=

Figure 4.31: Similar to Figure 4.30, however, using the YBCO/2DEG sample for (a)
In plane MR calculated by Equation 4.12, (b) magnetisation inferred from the quadratic
dependence of MR (Equation 4.13), (c) inverse susceptibility fitted with the Curie-Weiss
law (dM/dH = χ and Equation 4.14).
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The M and χ for the ‘YBCO’ sample (bulk YBCO in physical contact with the LAO
surface) have been calculated in a similar process as Figure 4.30, albeit slightly different
graphs are displayed. Note that since the sample was zero field cooled and Figure 4.27
revealing that the YBCO is not directly contributing to the conduction the calculated magnetisation is that of the 2DEG. Firstly the MR from Figure 4.29 is shown in Figure 4.31.
Without the plain film saturating the ‘YBCO’ sample film such as in Figure 4.29, a more
clear response with magnetic field can be observed in Figure 4.30(a). It is clear that temperature does not cause such an abrupt dampening as it increases. Instead temperatures
2K-10K display very similar magnitudes of MR for all Ba , with the magnitude of 10K
similar to that of both 2K and 5K. This is somewhat contrasting to the plain 2DEG sample which Figure 4.30 reveals has a significant difference between the magnitude of MR
between 2K-5K and 10K.
Becoming more prevalent as the temperature decreases, a butterfly like shape in M is
demonstrated which is unseen in the plain film. This butterfly like effect is recognised by a
small positive M for low fields at 2K and 5K. This is caused by an enhanced electron path
and incoherent scattering dominating the resistance at low fields. Once the field increases,
the coherent scattering associated with the magnetic regions overcomes that of the incoherent electron scattering [133]. This infers a positive MR at low fields and negative at
higher fields, as seen in Figure 4.31(a). Tuning from a completely negative MR, such as
observed in the plain 2DEG of Figure 4.29, to the butterfly like effect (Figure 4.31(a)), has
been shown possible by applying a negative back gate [243]. The modulation of the MR
found in [243] was attributed to a Rashba type spin-orbit coupling. The Rashba Hamilto→
−
nian is proportional to the rest frame internal magnetic field (HR ∝ n̂ × k ), where n̂ is a
→
−
perpendicular unit vector and k is the electron wave vector. This relation shows how the
electrons spin is coupled to the internal magnetic field. Furthermore, HR is indirectly related to an electrons interaction to an electric field by Fermi surface spin splitting. Finally
arriving at the result that the 2DEG electrons/internal magnetic field may be modulated
by an external electric field [268]. The Schottky barrier at the LAO surface provides this
negative electric field [243] tuning the Rashba spin-orbit coupling [268], and, therefore,
modulating the MR to the butterfly like seen by the ‘YBCO’ sample.
It is due to this positive MR that the χ for the ‘YBCO’ sample must be calculated
slightly differently. As positive MR is not taken into account in the Curie-Weiss model
(as the square root of a negative number cannot be displayed), dM/dH is taken from the
linear region of the negative MR. This is shown by the solid fit lines of Figure 4.30(b).
The resulting χ −1 values are shown in Figure 4.30(c). Once more a similar spread of
values to that in Figure 4.31(c) is observed, albeit with higher associated experimental
error. Opposed to Figure 4.30(c), a considerable difference in the χ −1 values for 2K and
5K is observed in this case, before moderately plateauing towards 10K. Fitting for the
entire temperature range yields Θ = (25±17)K, with the extreme ∆Θ once more caused by
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the relatively large spread of χ −1 values. The value of Θ for both sample cases agree with
each other (within experimental error), even though a large difference in M has occurred.
The experimental fitting of the Curie-Weiss law in [108] used a temperature range of
∼5K and lower. Fitting two extremity lines from the error bars of 2K and 5K of the χ −1
in Figure 4.30(c) instead gives Θ = (11.2±6.1)K. Again within the experimental error
of the plain 2DEG Θ, and while closer to 0K, still approximately an order of magnitude
larger than the previously recorded Θ (0.5K) [108]. The Θ for ‘YBCO’ is once more
a result of a negative temperature offset, indicating that although a large suppression of
carriers and dampening of the magnetic effects has occurred, the 2DEG is fundamentally
still antiferromagnetic [108].
The resulting conclusion from this section is the ability to change the 2DEG characteristics from a temporary structured piece of bulk YBCO. This provides the novelty to
locally deplete and dampen the magnetism of regions in temporarily defined locations.
Instead of the permanent depletion of deposition, devices can be designed with controllable 2DEG suppression in specific locations. These pieces can be removed (no glue or
permanent sticking required, the YBCO is simply picked up) and the 2DEG properties
are restored.
4.4.4

Summary of changes to interfacial properties from gate contacts

The electronic and magnetic properties of the 2DEG between LAO/STO was shown to
be fundamentally changed by the use of a top gate contact. Whether by the permanent
PLD of Au or the temporary introduction of bulk YBCO, the resistance of the 2DEG
was increased and magnetic effects decreased. In material cases, the large Φm ’s of Au
and YBCO introduced a ΦB at the LAO surface. The Schottky barrier interferes with
the intrinsic polar catastrophe electric, reducing the available charge carriers at the 2DEG
interface.

4.5

BFO/LAO/STO heterostructures to modulate

magnetic and electronic properties of the 2DEG
4.5.1

Introduction to BFO

BiFeO3 (BFO) is a room temperature multiferroic (displays both ferroelectricity and magnetism) perovskite with structure similar to that of LAO or STO. The structure of BFO
can be likened to that of Figure 1.11, with the dark blue corners representing Bi, the light
blue centre Fe and the red O.
In ferromagnetic materials, spontaneous parallel alignment of spins occurs below the
material dependent Curie temperature (TC ). Similarly, TC also applies to ferroelectric
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materials, which contain a spontaneous electric polarisation below this temperature. On
the other hand, subsequent spins of antiferromagnetic materials are antiparallel below
the Néel temperature (TN ). This means that antiferromagnetic materials do not display
spontaneous magnetism, unlike ferromagnets. BFO exhibits both ferroelectric properties with a TC of ∼1100 K [269] and antiferromagnetism with a TN of ∼643 K [270].
The spontaneous polarisation is believed to be caused by an active lone electron pair in
Bi3+ . The antiferromagnetism arises from magnetic Fe3+ ions. The spins are arranged
such that each Fe3+ is surrounded by 6 antiparallel spins, creating the G-type antiferromagnetism [271]. In fact, the antiferromagnetism in BFO is found to be slightly canted
(spins not fully antiparallel) due to a Dzyaloshinskii-Moriya interaction [272], where a
non-magnetic particle interacts with the anti-alignment of two magnetic particles [273,
274]. In BFO the spin canting is in the FeO6 octahedral and causes the BFO to have a
small, spontaneous magnetisation [271].
The dielectric constant of BFO is ∼53 at 300 K [275], greater than that of LAO (∼25
[276]), making it an excellent candidate for a gate dielectric. The band gap in BFO thin
films is debated, likely dependent on deposition conditions, and found to be between 2.66–
2.81eV [277–280]. BFO/2DEG heterostructures, therefore, have incredible potential in
electronics utilising the multiferroic properties of the BFO and the vast qualities of the
2DEG.
4.5.2

BFO thin films

In an attempt to utilise the multiferroic properties of BFO in conjunction with a 2DEG,
the magnetic hysteresis of pure thin film BFO is displayed in Figure 4.32. Previous studies suggest that the optimal temperature range of BFO deposition is 450◦ C to 700◦ C and a
pressure range of 1mTorr to 100mTorr [281–285]. A deposition temperature of 600◦ C is
approximately the middle of the recommended temperature range and gives 200 degrees
of oxygen annealing if the BFO was being deposited onto a 2DEG. The deposition pressure was chosen to be the maximum in the range of 100mTorr, once more as this would a
closer pressure to optimal in a 2DEG system. Initially STO substrates were used for the
BFO as STO is the base of the 2DEG.
Magnetic behaviour was still being observed up to the maximum recorded temperature
of 320K in Figure 4.32(a). Note that the BFO magnetism can be expected to continue to
much higher temperatures with a TN of ∼643 K. Weak ferromagnetism/canted antiferromagnetism is observed in the magnetic hystereses of Figure 4.32(b)-(d), with a hysteretic
shape as expected [286, 287]. A laser frequency of 2Hz and 5Hz was used for the BFO
films, with the deposition time modified such that the film thicknesses were the same. The
2Hz laser frequency was found to negatively impact the magnetic properties (relative to a
a laser frequency of 5Hz), particularly at higher temperatures. In general, laser repetition
rate influences thin film properties greatly [153, 288, 289], as well as affecting the density
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Figure 4.32: Magnetic characteristics of BFO thin films deposited on an STO substrate
at different PLD laser frequencies (closed symbols were deposited with 5Hz and open
symbols 2Hz) for (a) temperature dependence and hystereses at (b) 10K, (c) 200K and
(d) 300K.

of growth islands [290]. Similarly for BFO films, laser repetition rate (measured between
5Hz-20Hz) was found to impact the grain size [291], with the higher the frequency the
larger the grains. Ferroelectric properties, on the other hand, were all of approximately the
same quality for all laser frequencies [291]. However, for both Gd[292] and Pr2 Fe14 B/αFe[293], the grain size of their respective components was found to modify the magnetic
properties. If film density of islands and grain size of the BFO changes with the repetition
rate it is unsurprising that the magnetic effects are also greatly affected.
The magnetic measurements taken in Figure 4.33 are that of 5Hz, 600◦ , and 100mTorr
deposited onto a substrate of STO, LAO or the LAO/STO 2DEG. The canted antiferromagnetic response is once more observed (such as in Figure 4.32), although BFO deposited onto LAO or LAO/STO expedite almost no coercivity. In fact the BFO/2DEG
magnetic response is almost identical to that of depositing on a plain LAO substrate.
The ∼10nm of LAO acting as a buffer layer on an STO substrate, it is unsurprising the
BFO magnetic properties mimics that of BFO on an LAO substrate. With regards to bulk
BFO, STO has a lattice mismatch of ∼1.5%, while LAO has a mismatch of 3.5%. It is,
therefore, likely that strain plays a major role in the magnetic properties of BFO. Strain
seems to affect more than just the magnetic properties with the structural properties also
affected as seen in Figure 4.34. The easiest way to optimise the magnetic properties for
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Figure 4.33: Magnetic hysteresis at 10K for BFO thin films deposited at 5Hz using STO,
LAO or a 2DEG as a substrate.

the BFO/2DEG structure may be to deposit an STO buffer layer on top of the LAO, which
would reduce the strain on the BFO.
XRD patterns on the same samples from Figure 4.33 are shown in Figure 4.34(a)-(c)
which were deposited concurrently at 600◦ C with a laser fluence of ∼1.5 J/cm, at 5 Hz
and a background oxygen partial pressure of 100 mbar. In general all expected (00l) are
found in Figure 4.34. Thin films deposited on (001) STO are expected to have a distorted
rhombohedral or monoclinic structure [294–299], distorted from the bulk rhombohedral
structure [300]. This shows the strain induced modification of the structure caused by
the substrate. Focussing on films deposited on (001) STO in Figure 4.34(b), this gives a
c-axis lattice constant of ∼4.05Å. This lattice constant is very similar to films deposited
at higher PO2 ’s [294, 301–303] on STO.
On the other hand, deposition of the BFO on an LAO substrate displays a tetragonally
distorted monoclinic structure. This structure has been suggested as an imperfect tetragonal P4mm, or rather tetragonally-like [296, 297]. The major BFO peaks in Figure 4.34(a)
are almost all tetragonal like with a c-axis lattice constant of ∼4.65Å, small rhombohedral peaks slightly more strained than a STO substrate are located at ∼3.93Å. This
tetragonally distorted structure has been observed for lattice strained BFO deposited on
LAO, with very similar c-axis lattice constants [296–298]. This metastable phase being
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Figure 4.34: XRD of (a) BFO/LAO, (b) BFO/STO, (c) BFO/LAO/STO (BFO/2DEG)
and (d) plain 2DEG. Expected peaks are labelled with the corresponding index and STO,
LAO and BR (rhombohedral BFO), unexpected peaks are denoted by α, β , and BT
(tetragonal BFO).

of interest due to the prediction of a giant polarisation value [298].
Comparison of the BFO/2DEG sample (Figure 4.34(c)) to a plain 2DEG reveals very
similar epitaxial growth of the LAO. However, the BFO growth mode is far more similar
to that of the STO, rather than the LAO substrate. Exactly like BFO/STO, BFO/2DEG
displays no apparent tetragonal like phase, only the rhombohedral structure. A slightly
reduced α peak is observed, absolute intensity appearing between the BFO/LAO and
BFO/STO α peaks. Another structural feature occurs in the BFO/2DEG sample at around
the location of β . The distorted BR peaks occurs at c-axis lattice value ∼3.95Å, much
closer to that of the BFO/LAO than BFO/STO. LAO substrates cause significant twinning
in thin films [304], which can be easily viewed on the BFO surface. This twinning does
not occur, or at least cannot be seen to the same extent as BFO/LAO, when using an LAO
buffer of the BFO/2DEG sample.
The final important information to be discussed from Figure 4.34 is the unexpected
peaks of α and β . The reported lattice parameter for iron oxides (specifically γ-Fe2 O3 ) are
generally around ∼8.35Å [305, 306]. The location of the α peak has been attributed to γFe2 O3 [307], however, BFO also may contain α-Fe2 O3 and Fe3 O4 [308] of similar lattice
values. On the other had, (110) BFO occurs at approximately the same 2θ [301, 309, 310]
with further peaks hidden by (00l) BFO or STO. The second unexpected peak, β , which
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occurs at ∼35.3◦ in the BFO/LAO sample is well explained by α-Bi2 O3 (monoclinic
phase) with a c-axis lattice constant of 7.504Å [311]. It has been suggested that pure
BiFeO3 grows at 10−2 mbar and 580◦ C [311], if the pressure is higher or temperature
lower than this Bi2 O3 forms, if the pressure is lower or temperature higher then Fe2 O3
forms. However, from Figure 4.34 this is also substrate dependent. These impurities also
have a major impact on the magnetic properties of films, with the Fe2 O3 laden samples
having a much higher magnetic moment than pure BFO [311]. This may partially explain
the result in Figure 4.33, with α having the highest relative peak for BFO/STO which
also has the highest M. However, this is only a partial explanation with the α peak in
BFO/2DEG >> BFO/LAO but the M is only slightly bigger. Hence strain still has a
dominant impact on the magnetic properties of BFO thin films.

Figure 4.35: Reflectivity measurements of BFO/STO sample fitted in REFLEX [144]
with SLD values taken from [221].

Reflectivity measurements were taken for the BFO/STO sample and shown in Figure 4.35. Due to poor epitaxial growth of BFO, the XRR data shows a poor curve with
barely visible Kiessig fringes. The experimental data was also offset from the expected
values, so it is scaled in Figure 4.35 to view overlaid. This does not effect thickness calculations as this is dependent on the distance between Kiessig fringes. The roughness
calculations, however, are effected. Due to this the data had to be fitted manually as
automatically fitting did not converge (DNC).
Table 4.6: Fitting parameters/outcomes of XRR data in Figure 4.35. SLD values taken
from NIST [221] and data fitted by REFLEX [144]. DNC refers to the data which did
not converge.

Parameter
X-ray SLD real (10−6 Å−2 )
X-ray SLD imaginary

(10−6

Roughness (SS) (Å)
Thickness (SS) (nm)

Å−2 )

STO

BFO

37.387

57.221

-1.699

-5.630

DNC

DNC
39.7

The input and output data from fitting Figure 4.35 is shown in Table 4.6. For the
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used laser system with a frequency of 5Hz and for 5 minutes the deposition thickness
is ∼39.7nm. Using the c-axis lattice constant found in Figure 4.34(b) of 0.405nm gives
∼98u.c. deposited.
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Figure 4.36: (a) Band structure for STO, LAO, BFO and Au, (b) Fermi pinning and (c)
band alignment upon contact with an STO/LAO/BFO/Au electrode.

Investigation of the quantitative band structure with the additional BFO layer (compared to an as grown 2DEG in Figure 4.24) is shown in Figure 4.36. The values for all the
variables are taken from [96]. Opposed to the alignment of Au/LAO/STO shown in Figure 4.24, the Schottky barrier at Au/BFO does not cause a linear potential build up across
the LAO as the film thickness is greater than the Schottky barrier band bending length
[84]. This means that the 2DEG should be protected from metallic capping layer, unlike
that in Figure 4.24 and Figure 4.25 where a ΦB modifies the interface carrier density.
Application of an electric field causes a band distortion as seen in Figure 4.37. Depending on the polarity of the gate voltage, the potential well either increases or decreases. A
positive electric field decreases this potential well, increasing carriers and decreases resistance. A negative electric field increases this potential well, decreasing carriers and
increases resistance.
To determine the effect of a top gate voltage and for simplicity sake we can consider this
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Figure 4.37: Effect on the electronic band structure properties of a BFO/2DEG system
when applying a top gate voltage (a) 0V, (b) >0V, (c) <0V. Dashed lines in (b) and (c)
represent the 0V state.

Au/BFO/LAO/STO system to be a parallel plate capacitor, with Au and the 2DEG being
the two electrodes. In this model, it can be assumed LAO and BFO are two different
dielectrics in series, in which case the capacitance (C) may be determined by,
1
1
1
=
+
=
C CLAO CBFO

1
εrLAO ε0 A
d LAO
p

+

1
εrBFO ε0 A
d BFO
p

= (ε0 A)−1 (

d LAO
d BFO
p
p
+
)
εrLAO εrBFO

(4.15)

where εr is the dielectric constant of the material, ε0 is the permittivity of free space, A
is the area of the electrodes and d p is the thickness of the material.
d LAO
d BFO
p
p
C = (ε0 A)( LAO + BFO )−1
εr
εr

(4.16)

Through use of ∆Q = CVg and the fact that the number of charge carriers per unit area
is the carrier density i.e. (∆Q/e)/A = ∆n(Vg ), it is obtained:
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d BFO
ε0Vg d LAO
p
p
∆n(Vg ) =
( LAO + BFO )−1
e εr
εr

(4.17)

where ∆n(Vg ) is the change in carrier density of the 2DEG due to an applied gate
voltage. Without the additional BFO layer Equation 4.17 would simply be Equation 4.18.
∆n(Vg ) =

ε0 εrLAOVg
ed LAO
p

(4.18)

As to be expected with all field effect devices, the higher the Vg and εr , and thinner
the dielectric, the higher the electric field, therefore, the more effect on ∆n. This fact is
exactly seen in Equations 4.17 and Equation 4.18.
Particularly useful is the possibility to modulate the conductance of the interface between LAO and STO via an electric field [112]. This field effect control of the 2DEG
started with back gating, by using the STO substrate itself [112, 117, 235, 312]. More
recently this has been explored through top gates, generally just using the LAO to create a
field effect transistor (FET) [122, 123, 313]. The top gated devices in both refs [122, 123]
rely on a depletion region. Back gating may run into many problems as it changes the
interface confining electric field strength, Hall mobility, and carrier density at the same
time [235]. Top gates are far more preferential as high Hall mobilities may be maintained
with low carrier densities [123], as well as much lower voltages being required to produce
the electric field.
Approximately 15 nm of LAO is deposited by our pulsed laser deposition (PLD) system [153, 171] at 800◦ C with a laser fluence of ∼1.5 J/cm, at 2 Hz and a background
oxygen partial pressure of 10−4 mbar. This is thicker than previous 2DEG samples in
a way to protect the interface from interacting with a potential ΦB , and for reduction of
gate leakage. In situ BFO of ∼40 nm was deposited at 700◦ C with a laser fluence of
∼1.5 J/cm, at 5 Hz and a background oxygen partial pressure of 100 mbar. This is different to the ‘optimal’ magnetic deposition conditions as a previous study found the surface
to be optimal at a higher T and PO2 . After deposition the chamber is filled to an oxygen
pressure of >250 mbar and cooled to room temperature at ∼10 K/min. Source and drain
contacts are defined by photolithography and ion-beam etching, before PLD of Pd and
Au. The gate contact is then defined by photolithography and Au deposited on the BFO.
The BFO/2DEG sample with contacts is schematically represented in Figure 4.38(a).
The gate leakages for both an as grown 2DEG sample and a BFO/2DEG sample are
shown in Figure 4.38(b). The extra insulating layers of the BFO show a far lower leakage.
With the lower temperatures becoming more insulating as expected. A VG of > 0.5 V is
required at 300 K for the BFO/2DEG sample before any noticeable leakage will occur,
which is a greater value than the plain 2DEG even at 10 K. No observable leakage occurs
between ±1.0 V at 10 K when using the BFO gate.
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Figure 4.38: (a) Schematic representation of a BFO/2DEG field effect transistor (FET).
(b) Leakage voltage of an as grown 2DEG and a BFO/2DEG (in (a)) FETs. Leakage
voltage is defined as the voltage drop across the drain and source VDS when applying
only a gate voltage VG

Figure 4.39: R characteristics of the 2DEG and BFO/2DEG FETs with VG =0V compared
to an as grown 2DEG.

Typical 2DEG resistance dependence on temperature is observed for both a plain LAO
/ STO and BFO/LAO/STO samples in Figure 4.39. Potential problems associated with
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using LAO as the gate dielectric can also be seen in Figure 4.39. The depleted region
caused by the Au contact pad greatly increases the resistance across all temperatures in
agreement to a previous report [123]. On the other hand, nearly identical temperature
dependent resistance indicates no apparent electron depletion when in − situ BFO and a
gate contact have been deposited on a 2DEG.
Table 4.7: Effect of a gate voltage on the carrier density of a Au/BFO/LAO/STO heterostructure assuming initial carrier density of 2 × 1013 cm−2 .

VG (V)

-1.2

-0.8

0.4

0.0

0.4

0.8

1.2

n (cm−2 × 1013 )

1.58

1.72

1.86

2.0

2.14

2.28

2.42

∆n (%)

-21.1

-14.1

-7.0

0.0

7.0

14.1

21.1

Using Equation 4.17 the effect of voltage application across the structure on the carrier
density properties can be determined, and is shown in Table 4.7. A VG of only ≤ ±1V
has the potential to drastically change the 2DEG properties. While this would not be as
effective as a plain 2DEG, the large leakages from minimal gate voltages (Figure 4.38(b))
mean this electric field is not all applied across the LAO. Hence, VG dependencies on the
n are likely not as great as the BFO/2DEG. The ∆n’s calculated by Equation 4.17 depend
linearly on VG , with the same linear relation being reported in other 2DEG FET devices
[123, 313].
The triode (Ohmic) region of transistor operation is displayed at both 300 K (Figure 4.40(a,b)) and 10 K (Figure 4.40(c,d)) for a plain 2DEG and a BFO/2DEG structure.
For the plain 2DEG FET large levels of leakage is observed for both 10K and 300K as
expected from Figure 4.38(b). At 10K and 1V applied VG the plain film gate leakage is
∼0.1mA and at 300K the leakage is ∼3µA. Some leakage (∼4µA) can be observed for
a 1.0 V gate at 300 K in agreement to that observed in Figure 4.40(d). No leakage can
be seen at 10 K within the applied gate voltage region. Saturation is not reached due to
the large area between the voltage contacts, but can be expected when scaling down into
bridges or by using a larger VDS . Even in this Ohmic transistor region, however, there is
still a very strong IDS /VDS dependence on VG .
The additional dielectric layer of BFO compared to an as grown 2DEG clearly improves
the VG properties significantly across a wide temperature range. Particularly at 300K the
as grown 2DEG characteristics are extremely noisy. While there is still a somewhat clear
dependence on application of a VG , this is significantly worse (noisy and some unclear
separation between applied VG ’s) than the BFO/2DEG at 300K. The cause of this noise
would be due to the VG electric field leakage competing with IDS . Reducing the temperature to 10K drastically increases the resistivity of the LAO layer. In doing so the electric
field drops more substantially across the LAO, protecting the 2DEG from additional current. As a result the VG characteristics of the plain film are considerably better at 10K
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Figure 4.40: Transistor operation at 300K for (a) an as grown 2DEG film and (b) a
BFO/2DEG film. Transistor operation at 10K for (c) an as grown 2DEG film and (d) a
BFO/2DEG film. Legend shows the applied VG through the BFO and LAO.

than 300K. The IDS /VDS curves are no longer noisy upon applying a VG . Furthermore, a
small spread in the curves occur due to the VG . However, once more this is systematically
worse than the 10K data for BFO/2DEG.
As expected for the n-type conducting interface of the 2DEG, positive (negative) VG
increases (decreases) the IDS (Figure 4.40-4.44). Similar VG characteristics are displayed
between 300 K and 10 K, with the interface being much more conductive at 10 K in agreement to Figure 4.39. As negative VG ’s showed less separation over this VDS range than
positive VG ’s, only -0.5 V and -1.0 V are shown. Interestingly, much more splitting between -0.5 V and -1.0 V is observed at 300 K, however, this is likely due to the higher VDS
reached. At 300 K, -0.5 V splits from -1.0 V at a VDS ∼0.6 V, with the 10 K measurements
seemingly just starting to diverge.
The IV curves for all VG ’s for both Figure 4.40 have a slightly quadratic form, which
generally does not appear in other FETs, 2DEG [122, 123] or otherwise [314]. However, a
similar form can be seen in both refs [313, 315], which also both do not reach a saturation
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of the current. This was explained to be due to non-ohmic contacts causing a Schottkybarrier [315]. Suggesting the source and drain contacts have not been fully etched to the
STO surface, causing some metal/LAO/2DEG barrier.

Figure 4.41: (a) Temperature-resistance dependence upon applying a VG on the same
sample with IDS =200µA, displayed in log-log and legend showing the applied VG . (b)
Gate resistance (GR) taken from the data in (a), with a y-axis break occurring between
0% and -12.5%. Temperature is swept from 300K to 10K in all cases.

Interesting R-T dependence upon applying a gate voltage can be observed in Figure 4.41. The application of a Vg shifts the apparent typical 2DEG resistance across the
entire temperature range, as expected from Figure 4.40(b),(d). Taking the gate resistance
(GR) from Equation 4.19 of the data in Figure 4.41(a) shows several additional features,
which are displayed in Figure 4.41(b).
GR =

R(VG ) − R(0V)
× 100%
R(0V)

(4.19)

Taking the GR reveals the as expected increase in resistance upon applying a negative
potential, with the reverse for a positive gate. While absolute values of difference diverge
as temperature increases, the relative difference (GR) is completely different. While the
negative gate GR remains somewhat constant across the temperature range, the positive
gate becomes relatively better as T decreases. It can be assumed that the GR is, in general,
increasing as T decreases due to the increase in resistance of the dielectrics, as well as a
significant reduction in 2DEG resistance. Features in the curves of Figure 4.41(b) present
themselves as local minima or maxima. Coincidentally these features occur around the
∼80K and ∼160K hysteresis phenomena, which can be seen for example in Figure 4.7(c).
However, in Figure 4.41 temperature was swept from 300K to 10K for each VG , whereas
these hysteretic peaks are expected to occur while sweeping an increasing temperature.
It is also impossible to disentangle these features from general temperature waves from
parasitic heating. While the results from Figure 4.40(b),(d) showed that the BFO/2DEG
heterostructure represents an effective transistor at both 300K and 10K, Figure 4.41 con168
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firms this system is effective across the entire temperature range.

Figure 4.42: Effect of an electric field at IDS =0µA, 20µA and 300K for (a) an as grown
2DEG and (b) a BFO/2DEG FET. Effect of an electric field at IDS =0µA, 200µA and 10K
for (c) an as grown 2DEG and (d) a BFO/2DEG FET. The data has been shifted so that
at VG =0V VDS =0V so that a comparison can be made.

The effect of applying an electric field through the gate is displayed in Figure 4.42. The
data for IDS is the same leakage data displayed in Figure 4.38(b). In all cases the potential
difference at an applied IDS is different from the leakage voltage. This proves that the
conductivity of the 2DEG is modified by an external electric field. Once more BFO layer
enhances this field effect, with the VDS showing a significant difference before the gate
starts leaking. In most cases positive VG has a considerably higher impact on the VDS
than negative gates, which was also observed in Figure 4.41. This is consistent for both
IDS = 0µA and an applied current, with the likely explanation being the formed Schottky
barrier.
Another effect of the BFO/2DEG sample is an apparent hysteresis in Figure 4.42(b)
and (d), particularly on the positive VG side where a more significant difference in VDS
occurs. This may be a feature of the hysteretic polarisation of BFO [316]. This is unlikely
to be a parasitic voltage increase as the difference in resistance of the hysteresis is much
greater than the increase in resistance at VG = 0V over time.
A significant reason to choose BFO as a gate dielectric are its multiferroic properties.
This provides a possible four resistive states where the IV properties may be modified
by both an external electric or magnetic field (i.e. off-off, off-on, on-off or on-on for
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Figure 4.43: (a) Magnetic field (in legend) dependent IV characteristics of BFO/2DEG
at various temperatures and no applied VG . (b) Magnetoresistance of BFO/2DEG at 10K
with respect to the VG in the legend. Electronic property invariance to magnetic field was
found.

electric-magnetic fields respectively). However, it is clear from measuring both IV and
MR (Figure 4.43(a) or (b) respectively) that this system is unaffected by magnetic field.
In fact it is clear from the VG = 0V measurements that the 2DEG itself presents no magnetic properties. Hence, it is impossible to determine the effect of magnetising the BFO,
other than the MR of the 2DEG cannot be restored by applying a VG of ±0.5V. The MR
displayed in Figure 4.43(b) is reminiscent of that found by an Au capping layer on the
LAO, shown in Figure 4.25(c). The Au capping also caused a suppression in carriers, resulting in a significantly increased resistance Figure 4.25(a). At the time it was assumed
that the MR effect was related to the suppression of carriers. However, the BFO/2DEG
structure shows a 2DEGs resistance (no carrier suppression), whilst having no magnetic
effects. This shows that different mechanisms are responsible for these effects, with the
elimination of MR potentially a feature of the capping layer existence itself. Seemingly
MR may be tuned only by top gating when an ionic liquid is used as the dielectric [232],
rather than an epitaxially grown layer.
Miniaturising of electronics is important for optimising size, speed and performance
of devices. As a first step, a 200µm wide 2DEG using the bridge technique described in
Figure 4.19 was created. The 200µm bridge film used the same deposition process of the
entire film BFO/2DEG transistor in Figures 4.38 – 4.43.
Figure 4.44 shows the VG characteristics of a highly resistive 200 µm wide BFO/2DEG
bridge. In this case the sheet resistance is ∼1.5 MΩ/□, which is very similar to the sheet
resistance of the depleted (low carrier density) 2DEG bridges in refs [122, 123]. At which
IDS has rolled over to remain flat with increasing VDS is defined as the pinch off. A pinch
off voltage has been reached across all VG ’s -2.0 V to 1.0 V, with the saturation current
appearing quadratic with VG shown by the dotted line in Figure 4.44. Although saturation
current appears linear over the measured VG ’s (solid grey line). An on-off current ratio
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Figure 4.44: Transistor operation of a BFO/2DEG bridge at 300K. Grey dashed line
shows the linear pinch off voltage dependent on the applied VG .

of > 5 is achieved for IDS (VG = 1.0 V) / IDS (VG = -2.0 V). However, leakage is still
not observable for VG = -2.0 V, so this ratio could be further improved. Note that the
pinch off voltage was never reached for the non-bridge films in Figures 4.38 – 4.43. The
magnitudes higher available charge carriers of the plain film compared to the 200µm
bridge film ensures an Ohmic I/V response in the measured region.
4.5.3

Summary of BFO/2DEG FET devices

Electric field induced resistance properties of BFO/LAO/STO heterostructures have been
measured. These samples were shown to have a reduced gate leakage and more defined VG
curve separation over a temperature region of 10K-300K relative to LAO/STO structures.
Magnetisation curves of BFO films revealed little to no magnetic properties of BFO when
deposited on an LAO substrate or a 2DEG. Future optimisation of the BFO/LAO structure such that the expected canted antiferromagnetism is observed is planned to integrate
multiferroics into a 2DEG FET.

4.6

Comparison between the LAO/STO 2DEG and
conduction induced metallic STO

4.6.1

Introduction to metallic STO

The range of properties, such as metallic-like conductivity [88], electric field effect conductivity control [112], ferromagnetism [108], and superconductivity [117], present in the
LAO/STO 2DEG system are incredibly useful attributes for novel electronics. However,
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often these properties do not all occur, and are in fact heavily dependent on the deposition parameters of the LAO. In particular, depositing at very low oxygen partial pressures
introduces oxygen vacancies throughout the bulk STO substrate, dramatically enhancing
the carrier density [90]. By using high O2 pressures for deposition (> 10−4 mbar) and/or
annealing (∼ 102 mbar) limits the conductivity to the interface [109].
Due to this variation of properties, there is no agreed upon theory to account for the
2DEG formation. An electronic charge reconstruction [88, 104] is claimed being the key
factor to create this 2DEG, while oxygen vacancy formation [90] has also been suggested.
The interface likely has two types of carriers (metallic and defect) [101], which lends
support to both theories. However, the conducting bulk STO itself is a concern as it
may exhibit some of the 2DEG properties if oxygen vacancies are present resulting from
high temperature/vacuum annealing or ion bombardment [118, 119, 317], bringing into
question the key-role of the LAO.
Another property attributed to the 2DEG system is a slight hysteretic behaviour of temperature dependent resistance at ∼ 80 K and ∼ 160 K [224]. These hysteretic bumps
are believed to be caused by phase changes in the STO, and not seen when reducing
temperature due to slow dynamic of the nucleation and domain formation [225]. This
effect is once again dependent on the deposition parameters of LAO, with low O2 pressures (≤ 10−4 mbar) not displaying resistance features [226]. Implying the resistance
bumps are a feature of 2DEGs with insignificant oxygen vacancies, and, therefore, must
be an interfacial structural phase transition effect, further supporting the surface structural
change theory [227]. By using local electrostatic [318] and electromagnetic [319] imaging, striped tetragonal domains formed below the cubic/tetragonal STO phase transition
(105 K) [143, 320] were shown, although none were observed by in-situ polarised light
microscopy around ∼ 160 K [225]. These surface domains cause an anisotropic electrical
resistance likely resulting in the resistance hysteresis bumps. The commonly assumed essential factor in forming this hysteretic effect is the creation of a 2DEG relying on electron
carriers at the interface.
To distinguish LAO/STO interface and STO-only driven characteristics, STO samples
having no LAO layer were also measured. These samples are denoted as M-STO implying metallic STO samples, which were bombarded by Ar ions for 10 minutes at 250 V
and 25 mA. Similar treatments have shown the conduction to be 3D [119, 321]. 2DEG
samples are of course created in the standard way. Several samples of both, 2DEG and
M-STO, sets have been created and aptly numbered.
4.6.2

Resistance properties of M-STO

Typical warming and cooling temperature dependences of R are shown in Figure 4.45(a
and b) for M-STO and 2DEG samples. Only one dependence for each set is displayed as
the trend is very similar within each sample set. Both resistance dependences are respec172

4.6. COMPARISON BETWEEN THE LAO/STO 2DEG AND CONDUCTION
INDUCED METALLIC STO

Figure 4.45: (a) R, (b) normalised R and (c) R hysteresis of a metallic STO sample (Ar
etched) compared to a 2DEG.

tively typical for M-STOs [90, 321–324] and 2DEGs [88, 90, 108, 109, 112]. Although
the resistivity of M-STOs is highly dependent on the dopant level/type [323].
While both sample types can be considered metallic, clear differences between them
are observed as follows. (i) Due to the 3D nature of the carriers in M-STO, a much lower
resistance is observed than in 2DEG (Figure 4.45(a)). (ii) Resistance of 2DEG drops ∼ 2
orders of magnitude, while M-STO is reduced by only one between 300 K and 10 K. (iii)
The resistance of 2DEG drastically drops directly from 300 K, whilst M-STO plateaus till
∼ 200 K before the resistance begins to decrease. The difference is further exacerbated
by the normalised graph shown in Figure 4.45(b). (iv) The 2DEG experiences Kondolike upturn in resistance below ∼ 30 K caused by scattering on localised Ti3+ ions at the
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interface [222], while no such effect has been seen in the M-STO.
In Figure 4.45(c), the change in resistance depending on the temperature sweep direction is shown as calculated by Equation 4.1. The resulting curves display the expected
hysteresis bumps at ∼ 80 K and ∼ 160 K, predicted to be the property of 2DEG LAO/STO
interface arising due to differences of non-equilibrium structural modifications in STO
upon cooling and warming [224–227, 319]. However, the ∆R(T ) for M-STO shows this
is clearly not the case. The bump at ∼ 80 K for M-STO appears almost identical to that
of 2DEG, albeit somewhat larger. The ∼ 160 K bump is less obvious, best seen as the
collapse of the hysteresis at T ≃ 180 K coinciding with the same behaviour exhibited by
the 2DEG sample. This less obvious bump appearance is likely because the M-STO experiences the crossover from the metallic-like behaviour of resistivity to the T -independent
plateau over the same temperature range, reducing this hysteresis effectiveness.

Figure 4.46: (a) R of the M-STO sample fitted up to 150K. (b) Corresponding components from the metallic fits using Equation 4.5 and no Kondo contribution. (c) Calculated
semiconductor component with corresponding fits from 150K to 300K, equations displayed in the legend. (d) Entire temperature range of the M-STO with calculated metal
and semiconductor contributions, dashed lines show the extension of the fits outside their
respective temperature ranges.

The temperature dependence of resistance for the M-STO sample, shown in Figures 4.45(a
and b), is reminiscent of a semimetal e.g. [325, 326] which suggests multiband transport
[327]. In fact, the shape of the curve is very similar to the shape of plain STO substrates
at high temperature (Figure 4.2), suggesting either a metal-semiconductor transition as
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temperature increases or competing metallic/semiconductor parallel bands. From 10K150K the resistance curve analogous to a 2DEG without a Kondo contribution. Assuming
parallel bands, and the fact that semiconductors increase resistance with decreasing temperatures, it can be expected that RM-STO ≈ RMetal at low temperatures. As shown in
Figure 4.46(a) the M-STO sample is fit between 10K and 150K using Equation 4.5 with
RK,0 set to 0. While the calculated red curve for an expected metal resistance displays
excellent agreement to the experimental data, individual contributions from each of the
terms (Figure 4.46(b)) is largely different to that of a 2DEG. Notably, in both a plain
2DEG (Figure 4.8) and defined 2DEG bridges (Figure 4.21) resistance is dominated by
electron-electron interactions from ≳10K up to ∼300K, with electron-phonon interactions not contributing until T increases close to room temperature. On the other hand,
Figure 4.46(b) indicates that within the fitted region electron-electron interactions never
dominate the resistance, only having a small influence around 100K. For the M-STO,
electron-phonon dominates the resistance already from 125K, and would persist up to
300K if the metallic characteristics had continued.
To determine the second band of the M-STO, the parameters derived from the metal
fit (shown in the table of Figure 4.46(a)) were used to extend the metallic resistance up
to 300K. This extension is shown by the green dashed line of Figure 4.46(d). For arguments sake, if the corresponding metallic and semiconductor bands are considered to be
connected in parallel (bulk effects rather than quantum-mechanical), the resistance of the
semiconducting contribution can be calculated by,
1
RSemiconductor

=

1
RM-STO

−

1
RMetal

(4.20)

The result of Equation 4.20 is displayed in Figure 4.46(c), whereby a rapidly increasing
resistance (with decreasing temperature) can be observed. This curve may only be fitted
by an adjusted power law of the type ∝(T − T0 )b , which does not physically represent a
semiconductor, more commonly following R ∝e−dT where d = Eg /kB , Eg being the band
gap and kB being the Boltzmann constant [328]. The reason for this dramatic increase in
resistance as temperature decreases is due to the condition that (RM-STO )−1 = (RMetal )−1 ,
hence as (RM-STO )−1 = (RMetal )−1 + (RSemiconductor )−1 goes to (RM-STO )−1 = (RMetal )−1 ,
then (RSemiconductor )−1 → 0 and RSemiconductor → ∞. However, this is an approximation
only as the semiconductor band would still have a small contribution at low fields. In a
similar way, rather than fitting the entire region of Figure 4.46(c), an exponential fit at high
temperature (>250K) gives a much more accurate representation of the semiconductor
resistance.
Figure 4.46(d) reveals the approximate influence of the parallel bands, with metallic
fit between 10K and 150K, and the semiconductor fit between 250K and 300K extended
over the entire range. Once more it must be emphasised that these are approximations
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due to the initial condition that (RM-STO )−1 = (RMetal )−1 . However, what this provides
is the trend for each of the bands. Revisiting Equation 4.20 allows the resistance to be
accurately fitted by inserting the metallic dependence of resistance (Equation 4.5) and the
semiconductor power law resistance dependences to give the function,
2
5 −1
+C−1 edT
R−1
M-STO = (R0 + R1 T + R2 T )

(4.21)

Figure 4.47: (a) Fitting of inverse R as well as the coinciding R for M-STO. (b) Corresponding components of Equation 4.21 making up the resistance of M-STO.

The inverse of the total R for the M-STO sample is plotted in Figure 4.47(a) along with
the equivalent fit from Equation 4.21. This fit matches RM-STO near perfectly, suggesting
the parallel bands of conduction in Ar etched STO accurately represent the system. Note
that this semiconductor band has a calculated band gap which is extremely small Eg =
d × kB = 0.13µeV [328].
The true contributions from each band can now be viewed in Figure 4.47(b), with the
large calculated errors being due to the 5 unknowns of Equation 4.21. Both bands are
significantly different from the approximate cases of Figure 4.46(d), as expected, with
the metallic band having a considerably higher and semiconductor significantly lower
resistance.
Modification of the temperature dependence of resistance function to that of Equation 4.21 reveals a further point of discussion in Figure 4.47(c). This point being the
apparent suppression of the electron-electron interactions (which is seen in Figure 4.46b)
has been removed in Figure 4.47(c), with these interactions dominating between ∼30K
and ∼150K. Furthermore, the value for the electron-phonon interactions is very similar to that obtained for the plain 2DEG films (2.2 ± 0.1) × 10−9 ΩK−5 compared to
(2.81 ± 0.09) × 10−9 ΩK−5 , (2.12 ± 0.09) × 10−9 ΩK−5 and (2.07 ± 0.07) × 10−9 ΩK−5 .
This result is unsurprising due to the STO substrates used in all samples and the nature of
the phonon interactions.
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4.6.3

Comparative charge carrier properties for metallic STO and a 2DEGs

Figure 4.48: Temperature dependence of n of (a) 2DEGs and (b) metallic STO with
corresponding Arrhenius (Equation 4.8) fits. Note that the y-scale in (a) is linear and (b)
is log, however, the ×1013 corresponds to both.

Comparative carrier densities calculated on the basis of Hall measurements taken by
sweeping the magnetic field at different temperatures in thermal equilibrium are displayed
in Figure 4.48(a and b) for 2DEG and M-STO, respectively. Clearly, the 3D nature of the
M-STO provides a much larger number of carriers (∼ 1015 cm−2 ), which is by roughly
two orders of magnitude larger than that for 2DEG and close to that of metals.
Another important finding is that the carrier density temperature dependence clearly
exhibits a typical freeze-out process, which is independent of being measured upon warming or cooling. This behaviour up to ∼ 160 K can be well fitted (the solid lines in
Figure 4.48(a)) by two-carrier Arrhenius law n(T ) = n1 + n2 exp[−Ea /(kB T )], where n1
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stands for temperature independent metallic-like type carriers, n2 for thermally activated
carriers produced by oxygen vacancies, and Ea is the activation energy. Oxygen vacancies have previously been confirmed as the source of this freeze-out for LAO/STO [236].
Although this is not observed for other oxygen vacancy dependent STO systems [244,
329]. A data scattering between each two neighbouring points at high temperatures is
due to imperfectly aligned voltage terminals for Hall resistance measurements, which differently respond to the field swept from negative to positive values (for one data point)
and to the reverse sweep (for next point). This means that there is a good correlation
for every second point, corresponding to only one field sweep direction. The M-STO
generally shows a strong temperature dependent carrier density as seen by the curves in
Figure 4.48(b), such that an Arrhenius fit does not correlate well. The carrier density
magnitudes are similar to those observed previously [90, 119, 324].
An additional notable observation is a minimum in the carrier density around 20 K
occurring for 2DEG before increasing at lower temperatures. The M-STO seems to also
show a small upturn below 20 K, though not too obvious due to a comparable data scattering for this dependence. However, in cases of low carrier densities, such an increase
can indeed be observed [322, 323], which could then explain the corresponding small increase in carrier density in 2DEGs (Figure 4.48(a)) and further support oxygen vacancies
in STO being the second carrier type. In addition, this n(T ) increase for 2DEG may also
be related to the enhanced scattering resulting in Kondo-like upturn in resistivity over the
same temperature range.
4.6.4

Disentangling the interplay of interfacial, surface and bulk electronic
transport in 2DEG LAO/STO heterostructures

In some senses the MR of a metallic STO sample is the complete opposite of that of a plain
2DEG, with the M-STO representing the classical MR, with the resistance increasing
in a quadratic form under an applied field. In oxygen deficient STO films a positive
MR has been attributed to scattering of electrons at the disordered surface [330]. This
positive quadratic MR is reminiscent of a 2DEG deposited in low PO2 measured out of
plane low PO2 (oxygen vacancy dominated/3D conduction), which is also due to defect
scattering [262]. The negative MR of the 2DEG, compared to the positive MR of the
oxygen deficient STO or 3D LAO/STO [262], is an excellent result as this allows an easy
way to disentangle the two systems. While there is some multi band conduction, seen by
the carrier density calculations in Figure 4.18, the negative MR shows this conduction is
mainly confined to the interface. Another feature in Figure 4.49 is the anisotropic MR
of STO which is not present in the 2DEG. This anisotropy is also not sweep dependent,
with both the positive and negative initial sweep directions showing approximately the
same magnetic response. The explanation of this anisotropy may be a Lorentz force
which acts perpendicularly to the STO surface. This force deflects electrons towards the
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Figure 4.49: Comparison of in plane magnetoresistance between a 2DEG and M-STO
sample. STOPos shows data sweeping from 0T to 5T first while STONeg shows data
sweeping from 0T to -5T first. 2DEG sample was symmetric independent of Ba sweep
direction.

surface of the STO (or further into the bulk of the STO if oxygen vacancies are present).
As conductivity of the STO changes depending on the depth, the direction of electron
deflection (direction of Ba ) determines the resistance.
4.6.5

Summary of M-STO compared to a 2DEG

This section has explored two systems of the 2DEG between LAO/STO and metallic
STO whose conductivity had been induced by Ar bombarding. The ease in which an STO
substrate can be made conductive (bridge patterning from Ar etching, vacuum annealing,
improper deposition conditions etc) stems from reduction of oxygen and has negative
repercussions on the 2DEG. The forefront negative impact of a conductive substrate being
the shift from a 2D system to that of 3D. The results have shown the ability to disentangle
the electronic properties of these structures so that a true 2DEG can be determined.

4.7

Summary of 2DEG results

This chapter has focussed first and foremost on the fundamental development of the 2DEG
technology and understanding its properties. This required a method to consistently Ti terminate commercially bought mixed terminated STO substrates and high quality epitaxial
growth of LAO. From this point novel research includes but is not limited to;
≻ Full 2DEG characterisation of structure, thickness, resistance, carrier density and
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carrier mobility.
≻ Modelling the resistance to determine contributions from electron interactions such
as residual, electron, phonon and Kondo.
≻ Measured the resistance evolution over time at a set temperature. In particular with
regards to the temperature-hysteretic effects found at ∼80K and ∼ 160K.
≻ Relation of partial carrier freeze-out to two channel electron conduction, along with
2 carrier Hall fits from non-linear Hall measurements. Furthermore fitting of the
temperature dependence of both carrier types.
≻ Production of a bridge development technique, as well as the framework for further
improvements to this.
≻ Structured capping of the LAO surface utilising the changes to the built in electric field via a non-permanent Schottky barrier. This provides the ability to make
dynamic changes in the conduction of the interface at will.
≻ Field effect devices based on BFO/LAO/STO heterostructures with the intention of
miniaturising electronics.
≻ Comparison between a 2DEG and conductive STO to alleviate some of the discrepancies between the two systems.
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Chapter 5
Conclusion and Outlook
To conclude, this thesis has spanned two fairly different thin film material topics unified
by similar thin film technologies, heterostructures combining hybrid materials, as well as
their transport and magnetic properties. The first major material studied was superconducting YBCO thin films, with the work mainly focussed on the manipulation of the flux
pinning properties with the use of extremely large defect structures.
Partially and fully perforated antidots of different shapes and micron-large sizes fabricated by laser lithography and ion etching in YBCO films have been shown to significantly affect their Jc . The determining factor responsible for critical current enhancement
of up to ∼ 30% in the patterned films compared to their as-grown counterparts is found
to be the area of the circumference wall of the antidots etched. The enhancing AD wall
area is found only within ∼ 2 µm2 and ∼ 6 µm2 , which can even effectively counteract
the completely removed superconducting volume within ADs. However, one of the most
effective Jc enhancing patterns investigated was blind boomerangs. Overall, the optimal
Jc enhancing surface wall area was found independent of partial or full perforation. The
enhancement effect on Jc appears less dependent on the individual hole shape, but rather
on the overall pattern. However, within the optimal Dw some shape dependence occurs,
indicating that the geometry of the AD circumferences effectively contribute to vortex
pinning as well. Further optimisation of the Dw factor incorporating shape dependence
would give insights on optimal AD patterns for Jc enhancement. When designing superconducting devices it becomes clear that optimisation of AD positions is important to
consider depending on the modality used or device created (e.g. superconducting bridge
or pick-up loops [188]).
This large defect work evolved to superconducting ratchets which had been created by
angled IBE to produce sawtooth bridges in YBCO thin films. The gradually increasing
pinning towards the thicker region of the superconductor means it is harder for vortices
to move ‘up’ than ‘down’ the ramp, creating an Ic difference dependent on the current
direction in the bridge, which have been measured for a number of samples with different
geometries of their ramps. The corresponding critical currents for this system have also
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been calculated using a practical pinning model for YBCO thin films with very good
agreements to experimental results. Although the experimental ratcheting in this system
was only ∼5% of Icmax compared to ∼30% obtained theoretically, we can well explain this
discrepancy by the surface damage to the ramp caused by laser lithography and ion beam
etching. By decreasing the plateau width by employing e.g. electron beam lithography or
by using an etching technique which is less damaging to the remaining YBCO, we predict
a substantial increase to the ratchet effectiveness.
Finally a new well-controlled substrate nanoengineering approach to enhance Jc in superconducting YBCO thin films was proposed. Different patterns (circles, squares, triangles and graded concentric square rings) etched on substrates demonstrate spectacular
Jc enhancements of up to 45% in the vicinity of Tc . The enhancement is the result of introducing additional defects at the pattern edges, and collective pinning pattern influence
on vortex dynamics. Since YBCO films do not loose their integrity because the pattern
manufacturing takes place prior to film deposition, the Jc enhancement corresponds to the
engineering Ic , which is an important result for any potential device applications. The
growth of the YBCO inside the etched region appears to be the same as the growth outside. Optimisation to depth, shape and dimensions of the patterns is expected to enable
further Jc control and enhancements.
There is a plethora of possibilities to continue in flux manipulation of YBCO thin films.
In general this deals with optimisation of the defect structures presented, for example
further study of the golden region of optimal Jc enhancement found by the volume of
the antidot removed. The sawtooth ratchets would benefit greatly from electron beam
lithography or similar to remove the plateau like region dampening this ratchet effect.
Substrate engineering has perhaps the most potential work to undertake. Antidots in the
film has been a vastly studied field with many excellent results of antidot size, shape,
depth as well as the superconductor studied, all of which can be translated to the substrate
engineering field. Currently this work is being applied to SQUIDs to (hopefully) reduce
the 1/ f noise.
The second major area of study is the properties around the 2DEG between LAO and
STO. The development and electrical characterisation of the 2DEG progressed to a determination of the carrier and scattering types dominating the conduction.
In terms of devices, an effective field effect transistor has been created by using BFO as
a gate dielectric on a LAO/STO 2DEG. This top gated system works across the measured
temperature range of 10 K to 300 K, even in a bulk 2DEG sample (5 mm × 5 mm). While
no current saturation was observed in this case, the IDS /VDS characteristics were greatly
modified by VG . Defining a 200 µm bridge shows excellent transistor qualities, with a
linear saturation current dependence on VG observed. Although the full multiferroics of
the BFO couldn’t be realised, this may be, in fact, due to a capping layer effect on the
2DEG itself. Continued optimisation of the creation is expected to further improve this
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device, in particular the FET properties are predicted to greatly change with a smaller
LAO thickness.
To conclude the 2DEG work the hysteretic resistance bumps at ∼ 80 K and ∼ 150 K
caused by STO tetragonal domain modifications are not a 2DEG effect in stark contrast
to previous assumptions. The same hysteretic features in ∆R(T ) are observed in conductive STO by the same structural phase transitions. The dynamic and equilibrium Hall
measurements provide evidence for two carrier types contributing, for no carrier density
changes due to the structural modifications, and for the carrier freeze-out crossing over
to a temperature independent behaviour above 150 K. A slight upturn in n(T ) for 2DEGs
at very low temperatures is suggestive of STO oxygen vacancies, where a similar effect in conductive STO may occur. However, the pronounced Kondo-like effect over the
same temperature range dominates in the R(T ) for the 2DEG. Overall, the R(T ) of the
2DEG shows a dominant metallic behaviour at the LAO/STO interface, despite a considerable contribution of thermally activated carriers in the intermediate temperature range.
Our findings are even more intriguing, taking into account that defect carriers from STO
should not be occurring for deposited LAO annealed at high O2 pressure, which we used
for the 2DEG creation in accordance with the well established procedures.
In terms of the potential future for the 2DEGs it is very bright in the field of electronics.
While the field effect devices have already been created, this could be improved by further
miniaturisation. In particular with the development of the proposed bridge technique
being the deposition of an LAO/STO/LAO structure with the LAO being the substrate.
This allows direct patterning by ion beam etching without inducing conductivity, which
is the case with an STO substrate.
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